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Abstract 
ROBERT D. NIELSEN 
The Cary ground moraine forms the western edge of the Coteau 
des Prairies. It is characterized by numerous lakes, small closed 
depressions and poorly drained swales. The soils which occur on the 
footslopes adjacent to the closed depressions and poorly drained swales 
often contain calcium carbonates and other soluble salts at or near the 
surface. An in ~ investigation of the morphology and genesis of these 
calcium carbonate enriched soils was undertaken to determine their 
genesis and classification. 
An area in which these soils occur was selected for study and a 
series of observation wells were installed to monitor the existence of 
any ground water table. The soils of the closed drainage catena were 
sampled for characterization of their physical and chemical properties. 
The resulting data were used to describe the genesis and determine the 
classification of the soils within the catena. 
The calcium carbonate enrichment of the footslope soils was due 
to capillary ground water movement into the soil surface horizons. This 
study, however, confirms the absence of an aquic moisture regime and the 
improper classification of these soils. They were previously classified 
as Aerie Calciaquolls and as the results of this study were reclassified 
as Aquic Calciustolls. 
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Introduction 
The western edge of the Coteau des Prairies in eastern South 
Dakota was formed by the Cary ground moraine. (Flint, 1955). The 
topography of this area is characterized by numerous small lakes, closed 
depressions and poorly drained swales. The soils which occur on the 
footslopes adjacent to the closed depressions and drainageways often 
contain calcium carbonates and other soluble salts at or near the surface. 
These soluble salts are secondary in nature and are the result of ground 
water enrichment in the toeslope regions of the landscape. 
Generally, the landscapes where this occurs have four basic 
characteristics: 1. The glacial till of the uplands has been covered by 
silty or sandy drift which has moderate to moderately rapid permeability. 
2. The underlying glacial till has slower permeability than the overlying 
sediments. 3. The landscape drainage is poorly defined and consists of 
poorly drained swales and closed depressions. 4. Geologic erosion has 
removed the silty or sandy drift from the shoulder and backslope regions 
of the landscape. 
Precipitation, in the form of rainfall, enters the permeable 
upland soils and dissolves the carbonates and other soluble salts. These 
salts are then transported downward until the ground water encounters the 
less permeable glacial till. The zone immediately above the glacial till 
then becomes saturated and the ground water begins to move horizontally 
along the contact between the till and the drift mantle. In the 
footslope regions the ground water approaches the soil surface and 
capillary action moves the soil water upward from the phreatic zone. The 
soil water is then available for transpiration by actively growing 
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vegetation or is lost to evaporation. This causes carbonates and other 
soluble salts to precipitate out of solution and be deposited at or near 
the soil surface. 
The objectives of this study were to understand the genesis and 
determine the classification of the calcium carbonate enriched and 
associated soils which occur in the closed drainage systems found in 
eastern South Dakota on the Cary ground moraine. An understanding of the 
genesis and landscape relationships of these soils is essential for their 
proper classification and soil survey activities. A closed drainage 
system in northeastern Miner County, South Dakota was . selected for this 
investigation of soil genesis and classification. 
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LITERATURE REVIEW 
Theory of Soil Genesis 
. The basic concept of a soil is that it is a natural entity that 
has an unique morphology and occupies space. Soil has a distinct upper 
boundary where it meets the atmosphere and an indefinite lower boundary 
where it grades into the unweathered parent material. It has dimension 
(length, width and depth); and is seldom separated from adjacent soils by 
distinct boundaries. Each soil has an unique geographic region of oc-
curence and occupies a characteristic position on a given landscape. 
(Simonson, 1959). 
Soil Forming Processes 
Soil genesis begins with the accumulation of parent material and 
proceeds to horizon differentiation within the soil profile. It is a dy-
narnic phenomena consisting of a series of soil forming processes or re-
versible reactions that occur simultaneously and have a direct influence 
on each other. 
These soil forming or horizon developing processes can be defined 
as five reversible reactions: 
(1) Synthesis of organic ------'- Decomposition of organic 
matter (humification, compounds. 
bituminization and ' 
microbial). 
(2) Synthesis of mineral _______ ,~Decomposition of primary 
compounds and secondary and secondary minerals. 
minerals. ' 
(3) Accumulation of organic ____ ,_ Washing out (eluviation) 
and mineral compounds. of organic and mineral 
' compounds. 
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(4) Moisture entering the Expenditure of soil moisture --------soil mainly in the form by evaporation, transpiration, 
of precipitation. ' and runoff. 
(5) Radiant energy entering ,Heat radiating from the soil 
the soils surface and ------and soil cooling. 
heating the soil. 
Although these reactions occur in every soil, they may not occur in every 
soil layer. A given reaction may be occurring in one soil layer and not 
in the adjacent layers. However, the reaction that is occurring in one 
layer is influenced by or is influencing reactions occurring in adjacent 
layers. The rate at which these reactions proceed is not constant and 
is controlled by climate, parent material, topography, biological activ-
ity and time. (Rode, 1962). 
Factors of Soil Genesis 
The factors that influence soil formation and the soil forming 
reactions are generally divided into five basic groups (climate, parent 
material, flora-fauna, topography and time). · 
Climate. The climate, in which a soil forms, plays an important 
role in soil formation. It controls the energy available for soil ero-
sion and sedimentation, the rate at which the soil forming reactions pro-
ceed and the amount and pattern of precipitation available for vegetation, 
biological activity and weathering. 
Precipitation influences soil development by translocating nu-
trients, sesquioxides, organic matter, salts and clay particles into dif-
ferent soil layers. The amount and period during the year that precip-
itation falls affects the rate of translocation and organic matter de-
composition. Therefore, as precipitation increases exchangeable bases 
decrease and the clay content in the subsoil increases. 
Temperature also influences the rate and direction at which the 
soil forming reactions proceed. For example, as temperature increases 
the rate of chemical weathering increases and the organic matter content 
of the soil tends to decrease. (Jenny, 1941). 
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Parent Material. Parent material provides raw ingredients for 
soil formation. Its mineralogical composition determines the soils 
nutrient content and the availability of potassium, phosphorous and other 
essential plant nutrients. Parent material, also, determines the soil 
texture and influences the formation of secondary minerals. The 
influence of the parent material continues even after the soil forming 
processes have reached equilibrium by influencing the rate of gas, water, 
heat and chemical exchange within the soil. (Jenny, 1941). 
Flora-fauna. The flora that a soil develops under is determined 
mainly by climate and the physical and chemical properties of the parent 
material. The native vegetation determines the kinds and amounts of 
minerals extracted from the soil. Plant root distribution, which is 
influenced by soil moisture and soil physical properties, determines the 
amount of water and mineral uptake. 
The soil fauna decomposes organic matter formed by plant roots 
and vegetative parts. This decomposition is carried out by various soil 
microorganisms which re1ease nutrients from the organic matter and 
make them available for future plant growth. This activity occurs 
mainly at the soil surface and in the upper layers of the soil profile. 
(Jenny, 1941; Buckman and Brady, 1969). 
Topography. Soil development is affected by topography which 
consists of steepness of slope, shape of slope and aspect. The shape 
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and steepness of slope (measured in percent) influences the percent of 
precipitation that enters the soil or is lost as runoff. Concave areas 
generally accumulate runoff and have a wetter moisture regime than soils 
of the surrounding areas. Aspect, the direction the slope faces, affects 
the total solar radiation received by the soil. Soils with a south 
facing slope receive more solar radiation than soils with a north facing 
slope. Aspect causes differences in the natural vegetation, rate of 
weathering, soil temperature and soil moisture regimes. These differences 
are reflected in the organic matter contents, depth of leaching, amount 
of translocation, profile appearance and other chemical and physical soil 
properties. (Buol, Hole and McCracken, 1973). 
Time. Soil formation begins when the soil forming processes 
exceed the geologic processes of erosion and sedimentation. Soil 
development is a slow process in which time determines the degree of 
soil formation. The amount of time required for the development of an 
immature, mature or old soil is not determinable because soils mature 
at different rates and may be in equilibrium with their environment 
without having well developed horizons or vise-versa. However, time does 
influence soil organic matter contents, the amount of illuviation and 
eluviation of primary and secondary minerals and the amount of chemical 
weathering within the parent material. (Jenny~ 1941; Buol, Hole and 
McCracken, 1973). 
Surficial Geology of South Dakota 
South Dakota is divided into three distinct geologic regions. 
They are (from west to east) the Black Hills, the Missouri Plateau and 
the Central Lowlands. Each region has uniquely different parent 
materials, soils, climate and vegetation. (Flint, 1955). Figure 1 
illustrates the geologic regions of South Dakota and their physical 
divisions. 
The Central Lowland Region 
The ·central Lowland Region is divided into four major areas and 
consists of glacial and lacustrine sediments. The four areas that 
comprise the Central Lowlands are (from west to east) the James River 
Lowlands, the Lake Dakota Plain, the Coteau des Prairies and the 
Minnesota River-Red River Lowlands. (See Figure 1). 
The James River Lowlands were formed by the Mankato substage of 
the Wisconsin glacial period. It consists of gently undulating plains 
which are lower than the surrounding plateaus (the Coteau du Missouri to 
the west and the Coteau des Prairies to the east). This area is drained 
from the north to the south by the James River which bisects the lowland 
area. 
The Lake Dakota Plain was formed by lacustrine sediments 
deposited by Glacial Lake Dakota. It is located in the northern part of 
eastern South Dakota and consists of nearly level plains drained by the 
James River. 
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The Coteau des Prairies is a plateau that separates the Minnesota-
Red River Lowlands and the James River Lowland. It was formed by 
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Figure 1. Physical Divisions of South Dakota. (Flint, 1955). 
1. Black Hills Region. 
2. Missouri Plateau Region. 
3. Central Lowland ~egion. 
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glacial deposits which covered erosional remnants of an ancient shale 
plateau. The Coteau is drained on the east by the Big Sioux River which 
flows south to the Missouri River. The western part is poorly drained 
and has many small shallow glacial lakes and closed depressions. 
The Minnesota-Red River Lowlands, located in the northeast corner 
of South Dakota, was formed by the Mankato substage of the Wisconsin 
glacial period and is a broad gently undulating valley-like glacial till 
plain. This area is drained by the Minnesota River to the south and the 
Bois des Sioux River to the north. (Flint, 1955). 
The soils in the Central Lowland Region are Typic or Udic Borolls 
in the north and Typic or Udic Ustolls in the south. The average annual 
precipitation varies from 40 em (16 in) in the northwestern part of the 
region to 51 em (24 in) in the southeast. Precipitation amounts increase 
from the west to the east and from the north to the south. The average 
annual temperature is 5° to 7° C (41° to 45° F) in the north and 7° to 
9° C (45° .to 49° F) in the south. The Central Lowlands have a climax 
vegetation of mid prairie grass in the west grading to tall prairie 
grasses in the east. (Westin and Malo, 1978). 
Surficial Geology of Miner County 
Miner County consists of end and ground moraine deposits from 
the Mankato and Cary subages of the Wisconsin glacial period. (Flint, 
1955; Simpson, 1960; Clayton and Treers, 1967). The northeast corner of 
the county is part of the Cary ground moraine and is separated from the 
Mankato by the East Fork of the Vermillion River. The till in this area 
is overlain by sandy and silt drift deposits, it is brownish in color 
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and contains small pebbles of calcareous rock. The county is drained 
on the east by the Vermillion River and on the west by several small 
streams that flow into the James River. The topography is generally 
gently undulating with low northeasterly tending ridges or end moraines. 
These end moraines represent temporary advances of the Mankato subage as 
it retreated to the north. (Todd, 1899; Cox and Montgomery, 1962). 
Figure 2 is a generalized geologic map of Miner County, South Dakota. 
Drainage Systems 
The drainage systems, of eastern South Dakota, can be classified 
either as an open drainage system or a closed drainage system. (Ruhe and 
Walker, 1968). 
The Closed Drainage System 
The closed drainage system encircles a common depository which 
collects runoff and sediments from the surrounding uplands. This system 
is common to young glacial landscapes and represents a condition where 
stream channels have not had an opportunity to develop. The closed 
system is bounded by a divide which encir·cles the depository on the upper 
part of the watershed. The peripheral side slopes converge into the 
depressional basin and contributes runoff and sediments to the depository. 
The depository collects the runoff and sediments from the surrounding 
uplands and may contain ponded water for a period of time. Figure 3 is 
a representation of t he closed drainage system. 
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Hydrology of Glacial Soils in a Closed 
Drainage System 
The general hydrology of the prairie pothole soils, which occur 
on glacial sediments, can be divided into three phases consisting of 
overland flow, ground water flow and thermodynamic flow. 
Overland Flow 
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Overland flow is the initial phase of surface runoff and is the 
movement of water as a sheet over the plane surface of the soil. This 
flow begins at the head of the watershed and moves downslope toward the 
closed basin which accumulates this moisture. The major watershed 
factors which influence overland flow are the amount of rainfall received, 
duration and intensity of rainfall, percent slope of the landscape, in-
filtration and permeability rates of the soils and the vegetation. 
( Eisenlohr_, 1968) • 
Overland flow is a negative soil forming force on the upper por-
tions of the watershed and a positive soil forming force in the lower 
portions. As runoff moves from the head of the watershed it gathers 
sediments from the higher, steeper slopes and transports them toward the 
basin. This process continues until there is a change in topography or 
slope. As the slope becomes gentler toward the basin areas the rate of 
overland flow decreases and the sediments begin to settle out. The result 
is that the soils on the upper portions of the watershed are poorly 
developed, have thin surface layers and are low in organic matter content 
and fertility. By contrast, the soils in the basin areas have thicker 
surface layers, contain more organic matter and have higher levels of 
fertility. (Emmett, 1970; Malo, et al. 1974, and Matzdorf, et al. 1975). 
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Soil Water Flow 
Soil water flow is the movement of water through the soil and is 
the result of gravitational, capillary and osmotic forces. Gravity 
causes soil water movement primarily when the soil is in a saturated 
state. This occurs when the large soil macropores are filled with water. 
Under this condition the capillary and osmotic forces are less than the 
gravitational forces thus allowing the soil water to percolate downward. 
Gravity removes the excess soil water from the large soil macropores 
until the capillary and osmotic forces are equal to the gravitational 
forces or until an impervious layer is reached. 
When the soil is in an unsaturated state, water is held in the 
capillary or micropore spaces by cohesive and adhesive forces. Soil wa-
ter is attracted in layers to the soil particles by adhesion and each 
additional layer is held with less adhesive force. As the soil water 
layers become thicker, cohesive forces become greater than the adhesive 
forces and the soil water layers whieh surrounds individual soil 
particles are joined together filling the capillary or micropore spaces. 
These outer layers of soil water can be absorbed by plant roots or move 
to other soil particles with greater capillary or osmotic attraction. 
This water movement continues until the capillary and osmotic forces of 
the soil reach equilibrium or until the soil becomes saturated in which 
case gravity moves the excess soil water into the lower unsaturated soil 
horizons. (Buckman and Brady, 1969). 
The movement of soil water is dynamic and rarely if ever at 
equilibrium. This is due to water gains and losses from precipitation, 
evaporation, transpiration and losses to ground water aquifiers. This 
dynamic ground water movement transfers water from one part of the 
system to another. 
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The rate and direction of soil water flow is influenced directly 
by soil physical properties such as structure, texture, ·organic matter 
content and bulk density. Soil structure, which is the aggregation of 
primary soil particles (sand, silt and clay) into secondary units, 
provides channels through which soil water can be transferred from 
saturated to unsaturated areas. This water movement is caused by both 
capillary and gravitational forces. 
Soil water also moves throu~ the pores within ·the soil aggre-
gates and the pores within the unaggregated soil parent material. This 
soil water movement is primarily the result of capillary forces and is 
regulated by soil texture and bulk density. These physical properties 
determine the size, number and shape of pore spaces within the soil ag-
gregates. A high bulk density soil has many, small, irregular shaped 
soil pores. Soil water movement in these soils is very slow and soil 
water is transported with difficulty. By contrast, a low bulk density soil 
has many, medium and large, regular and irregular shaped soil pores. 
Soil water movement in these soils is moderate to rapid and depends on 
the ratio of large to small pore spaces. Soil water in these soils is 
transported readily. A. sandy soil has many large diameter soil pores. 
Soil water, in this case, is easily transferred throughout the profile 
with much of the soil water moving into ground water aquifiers. By 
contrast, a compacted clayey soil has many small diameter soil pores. 
Therefore, soil water is transported at a much slower rate and is held 
more tightly by the very small size clay particles. (Kirkham, ·l947). 
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Thermodynamic Flow 
Thermodynamic flow of soil water can be defined as water movement 
within the soil profile caused by differences in temperature. This 
phenomenon is greatest during the winter months when the upper portion of 
the profile is fro~en and the lower unfrozen portion contains soil 
moisture or has the presence of a water table. The mechanism for 
thermodynamic flow is that as the surface of the soil is frozen the water 
vapor pressure decreases due to condensation of the water vapor which in 
turn is frozen into ice crystals. As the surface vapor pressure decreases 
water vapor from the unfrozen part of the profile migrates toward the 
surface and is condensed and frozen. This migration of water vapor de-
creases the vapor pressure in the lower part of the profile and causes 
the ground water to vaporize lowering the moisture content or water table 
height. This process continues throughout the winter months until the 
spring thaw which releases the frozen water and allows it to percolate 
through the soil. 
Thermodynamic flow also causes the upward movement of capillary 
water, containing soluble salts, within the soil profile. As the 
capillary water evaporates in the upper portion of the profile the 
capillary forces increase. The increase in capillary forces causes 
upward movement of the capillary water until the capillary forces are 
equalized. (Willis, et al., 1964). 
One result of thermodynamic flow is that as the water vapor and 
capillary water move t oward the soil surface the salts in the ground 
water or soil water become more concentrated and precipitate out of 
solution. Then as the frozen portion thaws the water that is 
released dissolves the minerals and salts in the upper part of the 
profile and transports them downward to the zones of accumulation. 
Hillside Sedimentation 
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Hillside sedimentation (Kleiss, 1970) is the result of erosion 
transporting sediments from .the upper convex parts of the watershed and 
depositing them on the concave footslope and toeslope basin areas. These 
sediments are transported by sheet and rill erosion and consist of soil 
particles, organic matter and soluble salts. During the erosional 
process the sediments are sorted and redeposited on the gentler convex 
backslopes and concave footslope and toeslope basin area. Figure 4 is a 
watershed profile showing the areas of erosion and deposition. 
The coarser sand size particles are deposited on the convex 
backslope and upper footslope areas while the finer particles, organic 
matter and soluble salts are deposited in the basin and lower toeslope 
areas. The ratio of fine particles (16 microns to 250 microns in size) 
to coarse particles (250 microns to 2 mm in size) tends to increase from 
the summit of the watershed to the basin areas. This increase indicates 
that sorting is occurring during sediment transportation causing the mean 
particle size to decrease from the summit to the basin area. The 
decrease in the mean particle size is geometric on the convex portions of 
the landscape and logrithmic on the concave portions of the landscape. 
(Kleiss, 1970). 
The organic matter content of the soil increases from the summit 
to the toeslope areas. This increase is due to erosional deposition of 
organic matter from the surrounding uplands in the toeslope and footslope 
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areas. These areas also receive additional moisture and nutrients from 
the surrounding uplands which causes an increase in vegetative growth. 
This increased growth also contributes to the accumulation of organic mat-
ter in the toeslope and footslope regions. (Malo and Worcester, 1975). 
r
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Figure 4. Watershed Profile and Regions of Erosion and Deposition. 
(Ruhe, 1968). 
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The cation exchange capacity of the soil decreases from the sum-
mit to the shoulder and increases from the lower backslope to the toe-
slope. Erosion removes the fine soil particles and organic matter, which 
are high in cation exchange, from the shoulder and upper backslope re-
gions and deposits them on the footslope and toeslope. Thus, the cation 
exchange capacity is highest in the basins and lowest on the surrounding 
eroded sideslopes. 
Base saturation, as a percentage of cation exchange capacity, of 
the soil surface layers tends to decrease from the summit to the toeslope. 
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This decrease is generally linear in nature. It is the result of 
leaching, which removes the bases from the exchange complex, and erosion, 
which transports the leached exchange complexes to the basin areas. 
(Rube, 1968). 
The lower footslope and toeslope regions in young glaciated areas 
often shows an increase in base saturation. This increase is attributed 
to the high calcium carbonate levels generally found in these basin 
soils. Calcium is being or has been added to the exchange complex by the 
deposition and evaporation of calcareous ground water. 
Translocation of Calcium Carbonates 
Origin of Carbonates and Other Soluble Salts 
The calcium, magnesium and sodium salts found in the soils of 
eastern South Dakota had their origin in the inland saline seas which 
once covered this area. These salts were incorporated into the strata of 
the marine deposits and later became part of the shales, sandstones, 
limestones and chalkrocks which covered the land surface as the seas 
receeded. During the Pleistocene epoch glaciers advanced across these 
sedimentary deposits, scouring and mixing the sedimentary rocks and 
preglacial soils. The resulting glacial sediments contain high amounts 
of calcium, magnesium and sodium salts and are composed mainly of clay 
and silt size particles. These glacial sediments are the parent material 
in which the soils in eastern South Dakota haved formed. 
(Richards, 1954). 
20 
Leaching and Translocation 
Calcium carbonates (Caco
3
) are moderately soluble salts which 
are leached from the surface and subsurface horizons of a well drained 
soil and are translocated into the calcic horizon. A calcic horizon has 
a calcium carbonate equivalent which is 15 percent or more and is five 
percent or more greater than the underlying horizon or has five percent 
or more by volume of identifiable secondary carbonates. (Soil Taxonomy, 
1975). This horizon represents the effective leaching depth within a 
well drained soil and calcium carbonates appear as strongly segregated 
soft powdery nodules or concretions. _ In somewhat poorly drained soils, 
the calcic horizon may occur near the soil surface and is the result of 
a perched or apparent water table and its associated capillary fringe. 
Carbonate precipitates in these s-oils are not strongly segregated and are 
finely divided. (Redmond and McClelland, 1959). 
Leaching and translocation of calcium carbonates and other 
soluble salts are dynamic soil forming processes which cause the movement 
of these salts from one soil horizon to another. The main factors 
contributing to the leaching and translocation processes are the amount 
of soil water available for leaching; the solubility of the carbonates 
and other soluble salts and the movement of soil water within the soil 
profile. 
The horizons of calcium carbonate accumulation are dependent on 
the amount of precipitation entering the soil and the quantity of soil 
water remaining in excess of evapotranspiration. Climate provides the 
precipitation and regulates the evapotranspiration rate. Climatic data 
consisting of precipitation and evapotranspiration rates have been used 
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to estimate the depth to calcium carbonate accumulations in well drained 
soils. (Arkley, 1963). Topography and soil permeability influence the 
amount of precipitation which enters the soil profile and is then 
available for the translocation of calcium carbonate. Soil permeability 
regulates the rate of precipitation infiltration into the soil profile 
while the topographic shape a·nd percent slope determine the amount and 
rate of precipitation runoff or accumulation. (Redmond and McClelland, 
1959; Huddleston and Riecken, 1973). 
Calcium carbonate solubility is- dependent on the pH, the partial 
pressure of carbon dioxide (C02), and soil moisture content. Carbonate 
solubility increases as pH of the soil water decreases and the pH of the 
soil water is dependent on the partial pressure of carbon dioxide (Co2). 
(Olsen and Watanabe, 1959). Carbon dioxide reacts with water to produce 
carbonic acid as seen in the following equationsz 
C0
2 
+ H
2
0 ~ H+ + Hco; 
HC03 ~ H+ + co; 
kla = 4.45 X 10-7 M 
k
2
a = 4.69 X 10-ll M 
The partial pressure of carbon dioxide is hi~her in the surface 
soil horizons due to the biological activity which produces carbon 
dioxide during the mineralization of organic matter. This increase in 
partial pressure causes a corresponding decrease in soil water pH. 
(Jenny, 1980). The relationship of pH to co2 partial pressure is: 
pH = 3.916 - 1/2 (log a + log k1a) 
Wherez 
a = The ratio of dissolved co2 to the partial pressure 
of co2 • 
kla =The first ionization constant of carbonic · acid. 
Calcium carbonate is dissolved by the acidic soil water and has a 
-9 solubility constant of 3. 98 x 10 M • 
ks = 3.98 X 10-9 M 
The reaction of the carbonate ion with the hydrogen ion forms the 
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bicarbonate ion and increases the soil water pH by reducing the hydrogen 
ion content. (Olsen and Watanabe, 1959). This reaction continues until 
the concentration of carbonate approaches its solubility. The soil water 
becomes more alkaline as it percolates downward through the soil profile 
dissolving the calcium carbonate. As the soil water moves deeper into 
the profile the partial pressure of carbon dioxide decreases and soil 
water is evapotranspirated. The concentration of calcium carbonate in 
solution increases until it excesses its solubility and carbonates 
precipitate out of solution and are deposited in the horizon of 
accumulation. (Jenny, 1980). 
The movement of soil water through the soil profile influences 
the depth of -calcium carbonate accumulations in that profile. Generally, 
a well drained soil has carbonate accumulations in a transition layer 
between the soil and its parent material while a somewhat poorly drained 
soil may have carbonate enriched horizon throughout. Calcium carbonate 
enrichment of the upper horizons of somewhat poorly drained soils may be 
due to presence of a seasonal water table and its associated capillary 
fringe. The ground water, containing calcium carbonate, moves upward by 
capillary flow into the surface horizons and is evapotranspirated. As 
the soil water content decrease the concentration of the carbonates 
exceeds their solubility and the carbonates are precipitated out of 
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solution. This phenomenon frequently occurs in fine textured basin soils 
where seasonal water tables are near the surface and the capillary forces 
are strong. (Redmond and McClelland, 1959; Lambe and Whitman, 1969). 
Soil Genesis Factors of the Cary Ground 
Moraine on the Coteau des Prairies 
The soils, which formed on the Cary ground moraine, had their 
development influenced and controlled by the soil forming factors of 
parent material, environment, flora-fauna, topography and time. 
Parent Material 
The parent material of the Cary ground moraine consists of 
weathered glacial till, glacial drift and alluvial deposits. These 
sediments are heterogeneous in nature and contain varying chemical and 
physical properties. 
The glacial till which dominates this area is mainly clay loam 
and silty clay loam in texture and contains small pebbles and stones. 
Generally it is oxidized in the upper portion and contains high amounts 
of calcium carbonates and other soluble salts. The till has moderately 
slow to slow permeability and the movement of ground water may be 
interrupted by strata of contrasting textures. 
In some areas the glacial till is covered by varying thicknesses 
of glacial drift. The drift sediments are commonly silty clay loam, silt 
loam or fine sandy loam in texture and contain calcium carbonates and 
other soluble salts. This material is homogenous in nature and has 
moderate permeability. Soil water movement in the drift deposits is 
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orderly until it encounters the underlying glacial till where it 
accumulates and moves laterally along the contact surface. Generally the 
glacial till is less permeable than the drift causing a temporary perched 
water table to form. 
Alluvial sediments accumulate in the basins and swale areas. 
They tend to be clayey in texture and may be saturated for brief periods 
of time. This material is heterogenous in nature and contains strata of 
varying texture~. It has slow permeability and contains calcium 
carbonates throughout the sediments. (Flint, 1955). 
Envirorunent 
The post glacial environment of the Coteau des Prairies was cool 
and moist. As the glacial advances receeded northward the climate 
started to warm and changed to the present day continental climate. The 
continental climate of the Coteau consists of moist cool springs, hot dry 
summers, cool autumns and cold winters. The average annual temperature 
0 0 • 0 0 of the Coteau ranges from 5.6 C (42 F) 1n the north to 8.9 C (48 F) 
in the south. The average precipitation in this area ranges from 53 em 
(21 in) in the north to 64 em (25 in) in the south. This precipitation 
occurs mainly in the spring and early summer as slow gentle rains. The 
later summer precipitation usually occurs as brief heavy thunderstorms 
which produce very short periods of heavy rainfall accompanied by high 
winds. · The growing season of the Coteau ranges from 120 days in the 
north to 140 days in the south and is unually from the first of May to 
the first of October. (Walker, 1966; Westin and Malo, 1978). 
25 
Flora-Fauna 
The post glacial vegetation was coniferous forests which were 
replaced by hardwood forests as the climate warmed following the retreat 
of the glaciers northward. These hardwood forests were replaced by tall 
grass prairies as the present continental climate was established. 
(Walker, 1966). The native vegetation of the tall grass prairies on the 
Coteau consists mainly of Andropogon gerardii (Big bluestem); Andropogon 
scoparius (Little bluestem); Panicum virgatum (Switchgrass); Sorghastrum 
nutans (Indiangrass) and a wide variety of forbes. (Johnson and Nichols, 
1970). 
Topography 
The topography of the Cary ground moraine on the Coteau des 
Prairies consists of gently to strongly undulating uplands with numerous 
small depressional basins. The closed drainage system characterizes the 
ground moraine and consists mainly of upland swales and small inter-
mittent streams which flow into the numerous lakes and closed depressions. 
The majority of these small watersheds accumulate runoff and may be 
ponded for brief periods of time. (Rube and Walker, 1968). 
The slopes of the uplands vary from 2 to 6 percent on the gently 
undulating uplands and from 6 to 15 percent on the strongly undulating 
uplands. Generally, the upland slopes are complex, convex and slope 
length vary from 30m (100 ft) to more than 150m (500 ft). The basin 
areas and upland swales are nearly level with plane concave slopes. 
These slopes are less than 2 percent and vary in length. (Cox, 1962). 
26 
Time 
The study of bog stratigraphy in Iowa indicates that the forest 
vegetation was prominent until about 8000 years ago when it was replaced 
by the herbaceous prairie vegetation. This change was caused by the 
environmental·. shift from the cool moist climate to the present dry 
subhumid climate. During the period of 8000 years ago to the present the 
influences of the tall grass prairie dominated. This domination shifted 
the development of the forest soils to the development of the present 
prairie soils. (Walker, 1966). 
Soils of the Cary Ground Moraine 
on the Coteau des Prairies 
The soils, which developed on the Cary ground moraine, reflect 
the soil forming factors of soil development. The pedogenic processes 
dominate the less sloping summit and upper shoulder regions of the 
landscape where erosion is slow. On the lower shoulder and upper 
backslopes where the geologic processes dominate the rate of erosion is 
rapid. The footslope and toeslope regions are the depositories for the 
erosional sediment from the backslopes and shoulders. 
The soils which are formed on the summit regions are the oldest 
soils of the watershed. They developed from oxidized leached soil 
material and have well defined surface and subsoil horizons. They are 
high in fertility and have the calcium carbonates and other soluble salts 
leached out of the subsoil horizons. The carbonates tend to accumulate 
in the calcic horizon which is a tra~itional layer between the soil and 
its parent material. The soil surface and upper subsoil horizons are 
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dark colored, which is characteristic of the prairie soils. This 
coloration is the result of organic staining and eluviation of clay sized 
organic particles to the subsoil horizons. Generally these soils have 
granular structure in the surface, A , horizons and prismatic structure 
in the subsoil, B , horizons. 
The soils on the shoulders and backslopes are young and contain 
calcium carbonates at or near the surface. They are formed from 
unleached deoxidized soil material which was exposed by erosion. These 
soils have thin surface, A , horizons and poorly developed subsoil, B , 
horizons. They are relatively low in fertility and organic matter 
content. The soil surface and subsoil horizons are not as dark in color 
as the summit and basin soils. 
The soils of the footslope and toeslope regions are young soils 
and are formed from erosional sediments. These soils are unleached and 
have gleyed subsurface horizons which are the result of the higher 
moisture regime. They have deep, dark colored, clayey surface and 
subsurface horizons containing high amounts of organic matter and 
calcium carbonates. The dark colors extend throughout the soil profile 
and are the result of organic matter deposition from the surrounding 
uplands. (Flint, 1955; Rube and Walker, 1968; Westin and Malo, 1978; 
Malo, et al., 1974). 
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METHODS AND MATERIALS 
A representative closed drainage system was chosen on the Cary 
ground moraine in eastern South Dakota. The study area is located in the 
N t of the NW t, Sec. 2, Tl08N, R55W, Miner County, South Dakota. This 
study area was selected because it contained a Calcic soil catena which 
surrounded the common depository, was characteristic of the Cary ground 
moraine, and the soil catena of the closed drainage system was 
representative of these landscapes in eastern South Dakota. 
The study area was a typical closed drainage system and had a 
divide which surrounded the peripheral sideslopes and the common 
depository. The five slope profile components were present and charact-
eristic to this landscape. The summit area was mantled by drift sedi-
ments. These sediments have been removed from the shoulder and backslope 
areas and the underlying glacial till has been exposed to the pedogenic 
processes. The footslope and toeslope area receive the erosional sed-
iments and have high water table during the spring and early summer 
months. The landscape has a poorly defined drainage system and consists 
of sluggish swales and drains which terminate in the common depository. 
The climate of the study area is continental and the mean air 
temperature ranges from -3° C (27° F) in the winter months to 18° C 
(64° F) in the summer months. The mean annual precipitation is 58 em 
(23 in) and occurs mainly as gentle rains during the spring, early summer 
and fall months and violent thunderstorms during the later summer months. 
Precipitation amounts and duration vary greatly and the climate is 
classified as dry sub-humid. (South Dakota Crop and Livestock 
Reporting Service, 1970). 
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The native vegetation of the study area consisted of tall grass 
prairies. The climax vegetation of the summit, shoulder and backslope 
areas was primarily Andropogon gerandii (Big bluestem), Andropogon 
scoparius (Little bluestem), and Stipa viridula (Green needlegrass). The 
footslope and toeslope areas had a climax vegetation of Spartina 
pectinata (Prairie cordgrass), Puccinellia airoides (Nuttall alkaligrass) 
and Distichlis stricta (Inland saltgrass). (Soil Conservation Service, 
1977). 
The study area is currently under cultivation which has caused 
the disappearance of the climax vegetation. The primary crops grown in 
the area are corn, small grains and alfalfa. 
Field Methods 
In order to properly classify and relate the soils to their 
landscape position, certain measurements were needed. Field techniques, 
which characterize the soils and relate them to their landscape position, 
must be easily accomplished and provide the necessary data. The 
following field methods were used to study the genesis, morphology, 
classification and landscape relationships of the soil in the closed 
drainage catena of the study area: 
1. Topographic survey of the study area. A detailed topographic 
map was made of the study area to characterize the landscape and locate 
the slope profile components. The contour interval was set at 0.6 m 
(2 ft) and a scale of 1:2450 was selected. 
2. Transect line. A transect line was established 260° azimuth 
from magnetic north and it is perpendicular to most of the contour lines 
and crosses the longest backslope component of the landscape. The 
transect line starts in the low point of the basin area and continues 
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to the divide of the drainage system. It was along a field boundary with 
alfalfa to the south and a small grain-com rotation to the north. 
Sampling sites were located along this transect line. 
3. Sampling sites. The sampling sites were selected by briefly 
describing the soils along the transect line at 6 m (20 ft) intervals. 
The soils which exhibited similar characteristics were then grouped into 
eight soil mapping units which represent the closed drainage system 
catena. A representative soil of each soil type was chosen from the 
brief soil descriptions and a sampling site was located on the transect 
line where the representative soil occurred. The representative soils 
were morphologically described according to the Soil Survey Manual (1951) 
and samples were collected to a depth of 1.5 m (60 in) for chemical and 
physical characterization. A hydraulic soil probe was used to collect 
characterization samples at 10 em (4 in) intervals. Surface fertility 
samples, to a depth of 15 em (6 in), were collected from each sampling 
site in early October of 1978 and 1979. 
Observation wells were installed at each sampling site to deter-
mine the presence and duration or absence of a · water table near the soil 
surface. These wells were constructed from 5 em (2 in) inside diameter 
polyvinylchloride (P.V.C.) pipe. A series of observation wells were 
placed at each sampling site at depth intervals of 2.4 m (8 ft) and 1.5 m 
(5 ft) below the soil surface. An additional well was placed to a depth 
of 1.0 m (3.3 ft) at each of the bac~lope sampling sites. Inlet-outlet 
holes 1.0 em (25/64 in) in diameter were drilled along the length of each 
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pipe starting 5 em (2 in) from the base of the pipe. The 2.4 m well 
casing was slotted to within 10 em (4 in) of the surface and was designed 
to measure the vertical fluctuation of any water table within 2.4 m 
(8 ft) of the soil surface. The 1.5 m (5 ft) and 1.0 m (3.3 ft) well 
casings were slotted for the first 50 em (20 in) from the bottom of the 
well casings. These wells were designed to measure the vertical 
fluctuation, duration and source of any water table occurring within 
1.5 m (5 ft) of the soil surface. 
The bottom of the observation wells were capped to prevent soil 
from entering the well during installation. The wells were installed at 
each sampling site by removing a 6 em (2.5 in) soil core to the desired 
depth and then the well casing was inserted and pushed into the soil 
using the hydraulic soil probe. The tops of the wells were then capped 
to prevent contamination. Water table levels were monitored on a regular 
basis from April, 1979 to November, 1981. The observation wells were 
drained in April, 1980 and 1981 to measure the rate of recharge of the 
water table and eliminate any trapped water from the bottom of the wells. 
4. Soil map of the study area. A detailed soil map of the study 
area was constructed to relate the soils to their landscape position 
and to define and locate the soil mapping unit boundaries. 
5. Precipitation. The amount of precipitation which occurred 
during the growing season was considered to be the primary source of 
ground water available for leaching, plant growth and the recharge of 
water tables near the s oil surface. Precipitation, which occurred as 
rainfall, was monitored and recorded from April 1 to October 31, 1979, 
1980 and 1981. 
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6. Crop Growth Observations. Crop growth was monitored at each 
sampling site to determine the relationship between plant growth and the 
soil types within the study area. Data was collected at regular 
intervals and consisted of recording the stages of crop growth, height 
of crop and yields of small grains. 
. 2 
Three 1.0 m square (11.1 ft ) crop sampling plots were established 
at each sampling site. Crop height in each sampling plot was measured at 
regular intervals and average crop height was recorded. Barley and flax 
yields were determined by clipping the sampling plots just prior to 
harvest and measuring the moisture cQntent and dry weight of the samples. 
In addition, the oil content of the flax crop was determined and related 
to the soil type and landscape position. Crop growth observations and 
yield data appears in Appendix A. 
Laboratory Methods 
Soil physical and chemical properties were determined by 
established laboratory methods. The laboratory study of soil properties 
provides the information and insight necessary to classify the soils, 
make inferences about their genesis and to describe their morphology. 
1. Particle size analysis. Particle size distribution was 
determined by the pipette method on the less than 2 mm in diameter 
fraction. (Kilmer and Alexander, 1949). A 12 g air dried sample was 
placed in a tared 400 ml beaker and treated with 10 ml of distilled water 
and 5 ml of 30% H
2
o
2
• The H
2
o2 was allowed to react with the organic 
matter in the soil and additional H2o2 was added to the sample until 
frothing ceased. The sample was then allowed to react overnight to 
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completely break up the organic matter in the soil. Samples were then 
dried at 105° C (220° F) to remove the water and excess H
2
o
2 
and weighed 
to determine the dry weight of the soil sample. A 10 ml solution of 
Sodium Hexametaphosphate was then added to disperse the soil samples. 
The soil samples were then quanitatively transferred to 900 ml milk 
bottles. Distilled water was added to the dispersed sample until the 
milk bottles were about half full. Samples were then placed on a 
reciprocating shaker and shaken for 12 hours to insure complete 
dispersion of the soil. The milk bottles were then filled to the 900 ml 
mark and reshaken for 15 minutes. Dispersed samples were then placed in 
a constant temperature water bath and allowed to settle. At the end of 
the sedimentation period a 25 ml aliquot was taken to a depth of 10 em to 
determine the clay size particles, less than 2 microns in diameter. The 
aliquot was placed in a 25 ml tared beaker, oven dried at 105° C (220° F) 
and weighed. The percent clay in each sample was determined by the 
following equation: 
Cp = Cw x 36 x 100% 
Iw 
Where: 
Cp = Percent clay less than 2 microns in size. 
Cw = Weight of clay in aliquot sample. 
Iw---= Initial weight of soil sample after H2o2 treatment. 
The sand size particles, those greater than SO micron, were 
determined by wet sieving after sedimentation. A 54 micron size sieve 
(270 mesh) was used to separate the sand size particles from the silt 
and clay size particles. After sieving the sand size particles were 
transferred to a tared 100 ml beaker; oven dried at 105° C (220° F) and 
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weighed. The percent sand in each sample was determined by the following 
equation: 
Sp = Sw x 100% 
Iw 
Where: 
Sp = Percent sand greater than 50 micron in size. 
Sw = Weight of sand after sieving. 
Iw = Initial weight of soil sample after H2o2 treatment. 
The silt size particles, those between 2 and 50 microns were 
determined by difference. The sum of the sand and clay percentages in 
the sample was subtracted from 100 to determine the silt percentage. The 
percent silt in each sample was determined by the following equation: 
Sip = 100 - (Sp + Cp) 
Where: 
Sip = Percent silt particles greater than 2 microns and less 
than 50 microns in size. 
Sp = Percent sand greater than 50 microns in size. 
Cp = Percent clay less than 2 microns in size. 
The United States Department of Agriculture texture classification 
system was used to characterize the particle size distribution and to 
determine the particle size classification of the soil control section. 
2. Bulk density. The bulk density of each soil horizon was 
determined using the soil core method. (Soil Conservation Service-
United States Department of Agriculture, 1972). A soil core sample of 
each soil horizon was obtained using a 3.2 em (lt in) soil probe tube and 
a truck mounted hydraul ic soil probe. A 10 em (4 in) sample was removed 
from each soil horizon, oven dried at 105° C (220° F) and weighed. 
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The soil horizon bulk density was then determined by calculating 
the volume of the sample and using the following equation: 
Db = Sw/Sv 
Where a 
Db= Bulk density in g/cm3 • 
Sw = Weight of oven dry soil in g. 
S V 1 f "1 1 . 3 v = o ume o so1 samp e 1n em • 
(Note: Sample volume using a 3.2 em (1~ in) core, 10 em (4 in) 
in length is 79.2 cm3.) 
3. Calcium Carbonate equivalent. The calcium carbonate 
equivalent of each soil horizon was determined using the gravimetric 
weight loss of carbon dioxide method. (Richards, 1954). A 100 ml beaker 
containing 20 ml 3! HCL (Hydrochloric Acid) was weighed and 10 g soil was 
slowly transferred to the beaker. After effervescence subsided the 
beaker was covered with a watch glass and occasionally swirled until its 
weight stabilized. The beaker weight was then recorded and the calcium 
carbonate equivalent was calculated using the following equation: 
Caco3 equiv. = (IW b - FW b )/SW x 227.4 a s a s 
Where: 
Caco
3 
aquiv. = Calcium carbonate equivalent in percent. 
IW b = Initial weight of acid + beaker + soil. a s 
FW b = Final weight of acid + beaker + soil. a s 
SW = Soil weight (oven dried). 
227.4 = Ratio of atomic weight for calcium carbonate to the 
weight of carbon dioxide x 100%. 
The Soil Testing Laboratory at South Dakota State University 
determined the Nitrate-Nitrogen, organic matter content, phosphorous, 
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potassium, pH, soluble sodium and electrical conductivity of each soil 
type. (Carson and Gelderman, 1980). These determinations were made on 
the 15 em (6 in) deep surface fertility samples and the samples taken at 
10 em (4 in) intervals to a depth of 150 em (60 in). 
Cation exchange capacity and extractable sodium, magnesium and 
calcium were determined by the Water Quality Laboratory at South Dakota 
State University for each soil horizon. These determinations were made 
using the methods described in the Diagnosis and Improvement of Saline 
and Alkali Soils. 
Statistical Methods 
The data gathered was analyzed by statistical techniques to 
determine meaningful differences and similarities in the physical, 
chemical and landscape properties of the soil in the research area. 
Analysis of Variance was used to analyze and relate the data to the 
genesis and morphology of each of the soil types. Mathematical models 
were developed using curve fitting techniques and simple and stepwise 
multiple linear regression were used to describe the relationships 
between the soil types and their properties. (Steel and Torrie, 1960). 
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RESULTS AND DISCUSSION 
Topography 
The topography of the study area is that of a closed drainage 
system (Rube and Walker, 1968). A divide encompasses the watershed which 
is about 54.25 ha (134.10 A) is size. The total relief of the watershed 
is 5.2 m (17.1 ft). Surrounding the depository are the gentle peripheral 
side slopes which contribute runoff and sediments to the nearly level 
basin. Figure 5 is the topographic map of the study area. 
The watershed topographical profile was divided into five regions 
(Rube, 1968). The summit region is convex shaped with small shallow 
concave swales which drain into the depository. Slopes in this region 
range from one to three percent and are 61.0 to 76.2 m (200 to 250 ft) 
in length. Erosional forces are slight and runoff is slow. The shoulder 
region is gently sloping and convex shaped. Slopes range from two to six 
percent and are 38.1 to 53.3 m (125 to 175 ft) in length. Erosional 
forces are moderate and runoff is medium. The gently undulating 
backslope region is convex shaped near the shoulder region and concave 
shaped near the toeslope regions. Slopes range from three to six percent 
and are 45.7 to 61.0 m (150 to 200ft) in length. Erosional forces are 
moderate and runoff is medium. The footslope region is nearly level to 
gently undulating and is concave shaped near the toeslope region and 
convex shaped near the backslope region. Slopes range from one to four 
percent and are 38.1 to 53.3 m (125 to 175 ft) in length. Deposition of 
coarser size sediments occur in this ~egion as the rate of runoff from 
the backslope slows. The toeslope region is nearly level and slightly 
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Figure 5. Topographic Map of the Study Area. 
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concave in shape. Slopes range from zero to two percent and are 76.2 to 
more than 121.9 m (250 to more than 400 ft) in length. Runoff is ponded 
for brief periods of time and the finer sediments from the surrounding 
side slopes are deposited. (Note: Descriptive terms for slope, runoff 
and erosion are taken from the Soil Survey Manual, USDA Handbook No. 18). 
Figure 6 illustrates the topographical profile of the watershed developed 
from the topographic survey. 
Soil Map of the Study Area 
A soil mapping unit legend, consisting of eight mapping units, 
was devised to fit the soils and landscape of the study area. The 
mapping units were differentiated by soil horizonation, texture, color, 
structure, depth to calcium carbonates, mottling and percent slope. 
Figure 7 is detailed soil map of the study area. (Note: USDA-Soil 
Conservation Service soil series were not used to differentiate the soil 
mapping units because the soils which occur in the study area will be 
classified to the family level and not to the series level). A list of 
the soil mapping units and their characteristics is in Table 1. A 
complete morphologic description of each soil appears in Appendix B. 
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Table 1. Soil Mapping Units and Soil Characteristics in the Study Area. 
Mapping Unit 
1. 
2. 
3. 
4. 
s. 
Description 
A Horizon: 30 to 48 em (12 to 19 in) thick, silty 
clay loam. 
B Horizon: 40 to SO em (16 to 20 in) thick, silty 
clay loam, prismatic structure. 
Mollie Epipedon: Greater than 50 em (20 in) 
thick. 
Calcareous: At the surface. 
Mottles: At SO to 6S em (20 to 26 in). 
Slope: 0 to 1 percent. 
A Horizon: 30 to 38 em (12 to lS in) thick, silt 
loam. 
B Horizon: None. 
Mollie Epipedon: 30 to 48 em (12 to 19 in) thick. 
Calcareous: At the surface. 
Mottles: At 48 to 60 em (19 to 24 in). 
Slope: 0 to 2 percent. 
A Horizon: lS to 30 em (6 to 12 in) thick, loam. 
B Horizon: None. 
Mollie Epipedon: lS to 30 em (6 to 12 in) thick. 
Calcareous: At the surface. 
Mottles: At 60 to 7S em (24 to 30 in). 
Slope: 2 to 4 percent. 
A Horizon: 20 to 30 em (8 to 12 in) thick, loam. 
B Horizon: lS to 2S em (6 to 10 in) thick, silty 
clay loam, prismatic structure. 
Mollie Epipedon: Greater than SO em (20 in) 
thick. 
Calcareous: At the surface. 
Mottles: At 7S to 90 em (30 to 35 in). 
Slope: 0 to 2 percent. 
A Horizon: lS to 2S em (6 to 10 in) thick, sandy 
loam. 
B Horizon: None. 
Mollie Epipedon: lS to 2S em (6 to 10 in) thick. 
Calcareous: At . 10 to 25 em (4 to 10 in). 
Mottles: At 38 to 50 em (15 to 20 in). 
Contrasting underlying silt loam material: At 75 
to 100 em (30 to 40 in). 
Slope: 3 to 6 percent. 
Table !--continued 
Mapping Unit 
6. 
7. 
8. 
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Description 
A Horizon: 15 to 27 em (6 to 11 in) thick, sandy 
loam. 
B Horizon: 40 to 80 em (16 to 32 in) thick, sandy 
loam, subangular blocky structure. 
Mollie Epipedon: 20 to 30 em (8 to 12 in) thick. 
Calcareous: At 50 to 90 em (20 to 36 in). 
Mottles: At 80 to 120 em (32 to 48 in). 
Contrasting underlying silt loam material: At 100 
to 150 em (40 to 60 in). 
Slope: 2 to 4 percent. 
A Horizon: 20 to 30 em (8 to 12 in) thick, sandy 
loam. 
B Horizon: 50 to 75 em (20 to 30 in) thick, sandy 
loam, prismatic structure. 
Mollie Epipedon: Greater than 50 em (20 in). 
Calcareous: At 85 to 100 em (33 to 40 in). 
Mottles: At 125 to 150 em (49 to 60 in). 
Slope: 0 to 2 percent. 
A Horizon: 15 to 25 em (6 to 10 in) thick, sandy 
loam. 
B Horizon: 60 to 80 em (24 to 32 in) thick, sandy 
loam over loamy sand, subangular blocky 
str ucture. 
Mollie Epipedon: 25 to 50 em (10 to 20 in) thick. 
Calcareous: At 100 to 150 em (40 to 60 in). 
Mottles: None. 
Slope: 2 to 4 percent. 
HYDROLOGY 
The hydrology of the closed drainage system was investigated to 
determine the presence or absence of permanent and perched water tables 
........ -;--. / 
within 243. m (8\. ft) of the soil surface. Precipitation and water table 
''-...,..,/ 
depth was recorded on a regular basis during the growing season (April 1 
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to October 31) for the years 1979, 1980 and 1981. Precipitation and 
water table data appears in Appendix C. 
Precipitation 
Precipitation data for the last 40 years was used to characterize 
the precipitation distribution during the growing season. This data was 
obtained from the weather data records for Howard, South Dakota and 
covers the period 1941 to 1980. (SDSU Weather Station). The average 
monthly precipitation for Howard, South Dakota is in Table 2. 
Table 2. Average Monthly and Annual Precipitation 
Howard, South Dakota 
Average Standard Average Standard 
Month (em) Deviation (in) Deviation 
Jan 1.02 .97 .40 .38 
Feb 1.63 1.27 .64 .so 
Mar 2.92 1.96 1.15 .77 
Apr 5.77 3.45 2.27 1.36 
May 7.54 4.65 2.97 1.83 
June 9.68 4.55 3.81 1.79 
July 6.65 4.52 2.62 1.78 
Aug 6.96 4.11 2. 74 1.62 
Sept 5.49 3.40 2.16 1.34 
Oct 3.76 2.90 1.48 1.14 
Nov 1.96 1.73 .77 .68 
Dec 1.27 .99 .so .39 
Annual 54.66 12.65 21.52 5.06 
Precipitation at Howard and the surrounding area occurs mainly during 
the growing season (April 1 to October 31) as gentle rains in the spring 
and fall and as severe thunderstorms during the summer months. This 
precipitation accounts for about 77 percent of the total precipitation 
received during any one year. The other 23 percent of the total annual 
precipitation is in the form of late fall and early spring showers and 
winter snow. 
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Precipitation during the growing season (April 1 to October 31) 
for the 40 year data was significantly different among months within the 
growing season at the .01 level. However, precipitation among months for 
the three year study of the closed drainage system was not significantly 
different at the .OS level. This may _be due to the brief period in which 
precipitation was monitored at the study area. ANOVA of the 1979 and 
1980 precipitation data from the 40 year Howard records, also, were not 
significantly different among months at the .OS level. The ANOVA for 
precipitation during the growing season from 1941 to 1980 and the 1979 to 
1981 study area precipitation is in Table 3. 
Average monthly precipitation at the study area for the years 
1979, 1980 and 1981 was less than the 40 year average monthly 
precipitation at Howard throughout the growing season. ANOVA of the 
average monthly precipitation was not significant at the .OS level when 
the study area and Howard average monthly precipitation was considered. 
Table 4 contains the average monthly growing season precipitation and 
the ANOVA of the average monthly precipitation. 
Precipitation distribution models for the average monthly 
precipitation for Howard and the study area were developed using 
polynomial regression techniques. (Steele and Torrie, 1960). Figure 8 
is a graphic representation of the average monthly precipitation; April 
thru October, 1979-1981. 
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Table 3: ANOVA: Growing Season Precipitation at Howard, South Dakota, 
1941-1980; 1979-1980 and Study Area Precipitation 
During the Growing Season, 1979-1981. 
ANOVA: Growing Season Precipitation, Howard, 1941-1980 
ss df EMS F 
Total 5,158.82 279 
Months 818.19 6 136.37 8.58 ** 
Error 4,340.70 273 15.90 
ANOVA: Growing Season Precipitation, Howard, 1979-1980 
ss df EMS F 
Total 166.52 13 
Months 126.32 6 21.05 3.67 
Error 40.19 7 5.74 
ANOVA: Growing Season Precipitation, Study Area, 1979-1981 
ss df EMS F 
Total 180.55 20 
Months 71.07 6 11.85 1.51 
Error 109.48 14 7. 82 
The average monthly precipitation (April thru October) at the 
study area was not significantly different from the Howard average 
monthly precipitation. Although, the average monthly precipitation at 
the study area was somewhat lower than that at Howard the precipitation 
amounts and distribution were representative of the long term averages 
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and distributions. The precipitation contributions to the permanent and 
perched water tables should then represent the long term precipitation 
contributions to these water tables. · 
Table 4: Average Monthly Precipitation and ANOVA, April thru October 
Average Monthly Precipitation (em), 1979-1981 
Month Apr 
Howard 5.77 
Study Area 4.52 
ANOVA: Average 
ss 
Total 60.53 
Ave. Monthly 16.35 
Error 44.18 
Water Tables 
May 
7.54 
3.63 
Monthly 
df 
13 
1 
12 
Jun Jul 
9.68 6.65 
6.53 5. 87 
Precipitation, 
EMS 
16.35 
3.68 
Aug Sep 
6.96 5.49 
6.37 1.80 
April thru October 
F 
4.44 
Oct 
3.76 
2.00 
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Piezometers installed at sites 6, 7 and 8 (86.9, 57.9 and 13.7 m 
from the summit) to a depth of 2.44 m (8 ft) remained dry throughout 
1979, 1980 and 1981. Water tables were detected by the 2o44 m (8 ft) 
piezometers at sites 1, 2, 3, 4 and 5 (280.4, 239.3, 208.8, 166.1 and 
125.0 m from the summit) during 1979, 1980 and 1981. Duration and 
average depth to these water tables was extremely variable during the 
study period. Site 1 (280.4 m from the summit) had an average depth to 
the water table of 200.1 em (78.8 in) and duration of 119 days in 1979. 
However, the piezometer at this s ite was dry throughout the 1980 and 
1981 growing season. The absence of a water table at this site in the 
depository region of the landscape may have been due to the decreased 
amount of precipitation which was rece i ved during the early months of the 
growing season. Sites 2, 3 and 4 (239.3, 208.8 and 166.1 m from the 
summit) had an average depth to water table ranging from 199.6 em 
(78.6 in) to 236.7 em (93.2 ·in) and a duration ranging from 42 days to 
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more than 190 days during the study period. The presence of a water 
table at these sites during 1980 and 1981 and not at site 1 may be the 
result of a perched water table in this region. This perched water table 
may be due to the presence of a slowly permeable layer of geologic 
material underlying a more permeable layer. Lateral soil water movement 
along the contact zone is the probable source of the water table recharge. 
Site 5 (125 m from the summit) had a perched water table during the 
growing season in 1979 and 1981 but was dry throughout the 1980 growing 
season. This water table would probably represent the upslope limits of 
the perched water table found in the backslope and toeslope regions of 
the hillside profile. The average depth to water table obtained from the 
2.44 m (8 ft) piezometers at sites 1, 2, 3, 4 and 5 during the 1979, 1980 
and 1981 growing season is in Table 5. 
Capillary Fringe 
The capillary fringe is the region above the water table that 
is nearly saturated. It is extremely variable and depends on the 
diameter of the soil pore space, soil texture and whether the water table 
is rising or falling. Capillary fringe, soil texture and soil pore space 
are related in that the higher the clay content is, the smaller and more 
numerous the soil pore spaces are and the greater the capillary fringe 
is. The region of capillary fringe within a given soil is also dependent 
on the rise or fall of the water table. A rising water table causes a 
. decrease in the capillary fringe while a falling water table increases 
the capillary fringe. ( Taylor and Ashcroft, 1972). 
The capillary fringe associat~d with the water tables detected 
by the 2.44 m (8 ft) piezometers can not be accurately estimated because 
so 
Table 5: Average Depth to Water Table from 2.44 m (8 ft) 
Piezometers at Sites 1, 2, 3, 4 and 5. 
Year Site Distance Duration Ave. Depth Std. 
Summit (m) (Dazs) (em) Dev. 
79 1 280.4 119 200.1 27.4 
2 239.3 190 206.2 14.0 
3 208.8 24 227.2 7.9 
4 166.1 190 199.6 14.1 
5 125.0 164 232.8 3.5 
80 1 280.4 -0-
2 239.3 42 236.5 .6 
3 208.8 80 230.7 9.8 
4 166.1 130 225.5 12.3 
5 125.0 -0-
81 1 280.4 -0-
2 239.3 152 229.5 1.8 
3 208.8 76 236.4 2.1 
4 166.1 132 231.6 1.6 
5 125.0 27 236.7 2.1 
Note: Duration is the number of days t he water table was present during 
the growing season. 
of the variability of the soil texture, soil pore space size and 
fluctuation of the water tables dur i ng the growing season. However, the 
capillary fringe at sites 1, 2, 3, 4 and 5 is probably greater than 30 em 
and extends to the layers containing soluble salt accumulations. 
(Soil Taxonomy, 1975). 
Piezometers at the 1.52 m (5 ft) depth detected the presence of 
free soil water at sites 1, 2 and 3 (260.4, 239.3 and 208.8 m from the 
summit) during the 1979 and 1980 growing season. This free soil water 
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was absent during the 1981 growing season except at site 3 which had 
accumulations of free water during the latter portion of the 1981 growing 
season. These piezometers were located within 30 em (12 in) of the 2.44 
m (8 ft) piezometers and had free water levels within 120 em (47 in) of 
the soil surface while the free water levels in the deeper piezometers 
did not occur within 180 em (71 in) of the soil surface. It is probable 
that the free water levels detected in these piezometers represent the 
upper boundary of the saturated capillary fringe. Soil water entering 
these piezometers may have originated from lateral ground water flow or 
soil water percolation from the surface. In any event this free water 
was unable to leave the piezometer because the surrounding soil material 
at the free water level was nearly saturated. This free water became 
extremely stagnant during the growing season indicating that little water 
movement into or out of the piezometers was occurring. Therefore, an 
estimate of the capillary fringe would represent the region between the 
free water levels in the 2.44 m (8 ft) piezometers and the 1.52 m (5 ft) 
piezometers. Table 6 is the average depth to free water in the 1.52 m 
(5 ft) piezometers. Note: The 1 m (3.3 ft) piezometers at sites 2, 3 
and 4 remained dry throughout the study periodo 
PHYSICAL PROPERTIES 
Texture 
The average percent of sand, silt and clay was computed to 
determine the texture of the upper 25 em (10 in) of the soil profile, the 
soil control section 25 em (10 in) to the 100 em (39 in) and the 
underlying material greater than 100 em (39 in). Sand to clay ratio was 
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Table 6: Average Depth to Free Water from the 
1.52 m (5 ft) Piezometers at Sites 1, 2 and 3. 
Year Site Distance Duration Ave. Depth Std. 
Summit (m) (Dals) (em) Dev. 
79 1 280.4 190 92.8 9.7 
2 239.3 190 103.5 7.3 
3 208.8 32 113.0 7.4 
80 1 280.4 49 110.8 2.4 
2 239.3 129 113.5 6.7 
3 208.8 129 118.0 3.0 
81 1 280.4 -0-
2 239.3 --0-
3 208.8 121 119.5 1.8 
also determined in the surface 25 em (10 in) for each soil profile to 
illustrate the effects of sediment sorting on the surface texture along 
the hillside profile. The sand to clay ratio decreased from the summit 
to the toeslope. The relationship of the sand/clay ratio to distance 
from the summit is illustrated in Figure 9. The texture of the control 
section determined the particle size family for the classification of the 
eight soil types. Table 7 is the average soil texture of the surface, 
control section and underlying material. 
Control section and underlying material textures are related to 
the parent material in the upper portions of the watershed and to 
deposition of sediments in the toeslope regions. The summit and shoulder 
soils are derived from sandy drift deposits and have sandy control 
sections and underlying material. The soils of the backslopes and 
footslopes have glacial till parent material and a silty control _section 
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Table 7: Average Soil Texture for the Surface, 
Control Section and Underlying Material. 
Surface 0 to 25 em 
Site Sand Silt Clay Sand/Clay USDA-
(m) (%) (%) {%) Ratio Texture 
1 (280.4) 9.1 57.1 33.8 .27 Silty Clay Loam 
2 (239.3) 21.1 50.5 28.4 • 74 Clay Loam 
3 (208.8) 27.8 44.9 27.3 1.02 Clay Loam 
4 (116.1) 32.7 41.8 25.5 1.38 Loam 
5 (125.0) 56.7 28.9 14.4 3.94 Sandy Loam 
6 (86.9) 68.0 16.4 15.5 4.38 Sandy Loam 
7 (57.9) 52.6 31.0 16.5 3.20 ·Sandy Loam 
8 (13.7) 67.2 21.3 11.6 5.81 Sandy Loam 
Control Section 25 em to 100 em 
Site Sand Silt Clay USDA- Family 
(m) (%) (%) (%) Texture Classification 
1 (280.4) 17.3 47.1 35.6 Si l:ty Clay Loam Fine 
2 (239.3) 24.4 52.8 22.8 Silt Loam Fine Loamy 
3 (208.8) 9.9 67.1 22.9 Si l t Loam Fine Silty 
4 (166.1) 14.7 52.7 32.6 Silty Clay Loam Fine Silty 
5 {125o0) 47.7 40.5 11.8 Loam Coarse Loamy 
6 (86.9) 72.5 15.9 11.6 Sandy Loam Coarse Loamy 
7 (57.9) 66.2 20.8 13.0 Sandy Loam Coarse Loamy 
8 (13.7) 80.9 9.4 9. 7 Loamy Sand Sandy 
Note: 1 (280. 4) (m) is the site and distance from the summit in meters. 
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Table 7--continued 
Underlzin~ Material > 100 em 
Site Sand Silt Clay USDA-
(m) (%) (%) (%) Texture 
1 (280 .4) 23.2 45.7 31.1 Clay Loam 
2 (239.3) 9.5 68.6 21.9 Silt Loam 
3 (208.8) 11.4 63.8 24.7 Silt Loam 
4 (166.1) 8.4 64.8 26.8 Silt Loam 
5 (125.0) 10.7 72.3 16.9 Silt Loam 
6 (86.9) 58.4 29.5 12.1 Sandy Loam 
7 (57.9) 82.3 11.6 6.1 . Loamy Sand 
8 (13.7) 82.4 11.1 6.6 Loamy Sand 
and underlying material. The toeslope control section and underlying 
material are clayey in nature and are derived from the fine sediments 
deposited from the surrounding uplands. The change in soil textures from 
the summit to the toeslope along the transect line is illustrated in 
Figure 10. 
Bulk Density 
The soil horizons at each of the typical soil sites were sampled for 
bulk density determination. The average bulk density for the eight soils 
ranged from 1.28 to 1.55 g/cm3 and was the highest at the sandy summit 
soils. This is because the sandy soils have iess total pore volume than 
the finer silty and clayey soils on the l ower portions of the watershed. 
Bulk density of the soi l at site 4 was lower than the bulk densities of 
the adjacent soils. This may be the result of increased organic matter 
content in the soils on the lower backslope. Analysis of variance, 
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ANOVA, was used to determine any significant differences between bulk 
densities within soils and among soils. Bulk densities of the soil 
horizons within soils was not significantly different at the .05 level. 
There was a significant difference among soils at the .01 level. The 
average soil bulk density and bulk density ANOVA is in Table 8. 
Table 8: Sampling Site Average Bulk Density and 
Analysis of Variance. 
Site Dis. Summit Ave. BD Std. Dev. 
(m) (g/ cm3) 
1 280.4 1.45 .16 
2 239.3 1.43 .10 
3 208.8 1.47 .10 
4 166.1 1.28 .12 
5 125.0 1.44 .03 
6 86.9 1.48 .03 
7 57.9 1.44 .08 
8 13.7 1.55 .08 
ANOVA: Bulk Density Sites 1 thru 8 
ss df EMS F 
Total 0.48 39 
Among Soils 0.20 7 0.03 3.48 ** 
Within Soils 0.05 4 0.01 1.22 
Error 0.23 28 o.o1 
CHEMICAL PROPERTIES 
Classification of the eight soils on the watershed profile 
require the determination of these soil chemical properties. Calcium 
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carbonate equivalent, pH, salinity, cation exchange capacity and organic 
matter content of the soils were determined to characterize the soil 
horizons and to aid in soil classification. The chemical properties 
of electric conductivity and soluble sodium will be considered as the 
properties of salinity throughout this study. The chemical properties of 
the soil horizons, sites 1 thru 8 is in Table 9. Chemical properties of 
the eight soils on the watershed profile appear in Appendix E. 
Calcium Carbonate Equivalent 
The summit soils, sites 7 and 8, had calcium carbonates leached --
to a depth of 69 em (27 in) and 46 em (18 in) respectively. Calcium 
carbonate accumulations in t he soil horizons at site 8 did not meet the 
criteria for a calcic horizon in any portion of the soil profile. Site 
7 had accumulations of calcium carbonate at 94 em (37 in) which did meet 
the calcic horizon criteria. 
The upper backslope _and shoulder soils, sites 5 and 6, were 
leached of calcium carbonates to a depth of 18 em (7 in) and 76 em (30 in) 
respectively. The shoulder soil at s ite 6 had accumulations of calcium 
carbonates in the BC horizon but these accumulations did not meet the 
calcic horizon criteria. The Ck and 2Ck horizons of this soil did meet 
the calcic horizon criteria. The upper backslope soil at site 5 was not 
leached as deeply as the shoulder soil. This shallow leaching depth and 
the lack of a structural B horizon at site 5 indicates that the rate of 
profile development is less than the rate of soil erosion. The AC 
horizon of this soil has calcium carbonate accumulations which do not 
meet the calcic horizon criteria. The Ck horizon (at a depth of 30 em 
(12 in)) meets the criteria and is calcic. 
Table 9 1 Chemical Properties of the Soil Horizons 
Sites 1 thru 8. 
Site Soil Depth CaC03 EC Na pH CEC Organic Matter (m) Horizon (em) (%) (mmho/cm) (mc/1) (me/100~) (%) 
1 Ap 0-15 6.1 0.8 0.84 7.5 30.97 3.3 
(280.4) A 15-61 5.7 1.1 2.09 7.7 30.32 1.4 
Bwyl 61-86 2.3 3.0 3.95 7.7 25.51 0.9 
Bwy2 86-127 1.1 3.5 5.37 7.6 22.10 0.6 
Ck 127-152 21.6 2.7 5.52 7.8 14.45 0.4 
2 Ap 0-20 13.3 1.4 2.26 8.0 28.18 3.5 
(239.3) ACy 20-48 14.3 4.6 16.94 7.9 22.44 1.5 
Ckl 48-66 21.2 6.7 44.22 8.1 13.29 0.6 
Ck2 66-102 20.0 9.1 71.94 8.2 13.06 0.3 
c 102-152 15.5 9.3 60.08 8.2 17.39 0.3 
3 Ap 0-18 16.8 2.9 3.49 8.0 21.12 2.0 
(208.8) Bwy 18-30 18.9 3.3 3.17 7.8 9.14 0.7 
BCky 30-66 24.6 7.8 42.56 8.1 12.28 0.5 
Cl 66-107 18.9 14 .o 116.67 8.3 14.10 0.2 
C2 107-152 17.7 13.3 94.18 8.3 19.36 0.3 
4 Ap 0-23 4.1 1.1 2.32 8.1 25.99 3.0 
(166.1) Bw 23-51 11.2 0,8 2.98 8.1 25.57 2.1 
BCk 51-79 24.6 3.0 18.13 8.0 25.52 1.3 
Ck 79-k30 21.4 4.6 39.54 8.0 17.30 0.5 
1.11 
Cy 130-152 16.8 4.8 43.78 BoO 15.21 0.3 \0 
Table 9 --continued 
Site Soil Depth Caco3 EC Na pH CEC Organic Matter (m) Horizon (em) (%) (mmho/cm) (mc/1) (me/100g) (%) 
5 Ap 0-18 0.2 0.9 1.91 8.0 16.06 2.2 
(125.0) AC 18-30 9.8 0.4 1.38 8.2 11.59 1.5 
Ck 30-48 26.8 0.4 1.69 8.5 8.39 0.6 
c 48-81 21.2 0.5 2. 85 8.6 7.35 0.3 
2C 81-152 21.4 0.7 4.13 8.4 8.56 0.2 
6 Ap 0-20 0.7 0.3 0.98 7.7 14.63 1.9 
(86.9) Bw1 20- 38 0.9 0.2 0.65 7.6 7.11 0.8 
Bw2 38-76 0.7 0.4 0.92 7.8 9.00 0.4 
BC 76-99 11.1 0.5 1.33 8.1 9.74 0.4 
Ck 99-124 17 .7 0.5 1.66 8.4 9.76 0.3 
2Ck 124-152 19.1 0.5 2.04 8.5 6.71 0.2 
7 Ap 0-15 0.2 0.5 1.10 7.3 16.34 2.6 
(57.9) A 15-25 0.7 0.5 0.85 7.1 12.34 2.4 
Bw1 25-46 0.7 0.4 0.99 7.3 12.68 1.5 
Bw2 46-69 0.9 0.5 1.27 7.5 15.63 1.0 
BC 69-94 9.8 0.5 1.15 7.8 8.94 0.6 
Ck 94-132 15.5 0.6 1.57 8.1 5.52 0.2 
c 132-152 11.6 0.6 1.78 8.3 5.73 0.1 .. 
8 Ap 0-20 o.o 0.5 0.92 7.5 12.63 1.5 
(13.9) Bw 20-46 o.o 0.4 0.86 7.5 8.16 0.6 
"' 0 
Table 9 --continued 
Site Soil Depth CaC03 EC Na 
pH CEC Organic Matter 
(m) Horizon (em) (%) (mmho/cm) (mc/1) (me/100~) (%) 
8 BC 46-107 1.1 0.4 1.22 7.6 9.73 0.3 
(13.9) c 107-152 11.0 0.5 2.35 8.1 5. 74 0.1 
Note: (m) is the distance from the summit in meters. Electrical conductivity (EC), Soluble 
sodium (Na) and pH are the composite averages from the 10 em (4 in) samples to a 
depth of 152.4 em (60 in). 
0'\ ...... 
The toe·slope, footslope and lower backslope soils, sites 1, 2, 
3 and 4, have secondary calcium carbonates throughout their profiles. 
These secondary calcium carbonates are the result of a capillary fringe 
near the soil surface. In these soils the calcium carbonates are being 
precipitated out of the ground water solution faster than the leaching 
effect of rainfall can translocate them to deeper soil horizons. The 
soil at site 4 has a calcic BCk horizon at 51 em (20 in) which extends 
through the Ck horizon to a depth of 130 em (51 in). The soil at site 
3 has greater than 15 percent calcium carbonate throughout its profile. 
However, the upper horizons are not calcic because the underlying 
horizons have an increasing calcium carbonate equivalent. The BCk 
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horizon of this soil is calcic a nd has five percent more calcium carbonate 
equivalent than the underlying horizon. Sites 1 and 2 have calcic 
horizons at 127 em (50 in) and 48 em (19 in) respectively and their upper 
horizon contains less calcium carbonate than the soil at site 3. The 
calcium carbonate equivalent distribution within the soils on the 
hillside profile is illustrated in Figure 11. 
The calcium carbonate equivalent of the soil surface horizons 
increases from the summit to the footslope region of the watershed and 
decreases from the footslope t o the t oeslope region. This decrease in 
the toeslope region is attributed to the additional moisture received by 
the toeslope from the surrounding uplands. This additional moisture is 
able to translocate more of the calcium carbonates out of the soil 
surface horizons and into lower underlying soil horizons. The 
relationship of distance from the summit to calcium carbonate equivalent 
of the surface soil horizons is illustrated in Figure 12. 
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Soil salinity distribution within the eight soil profiles was 
similar to the distribution of calcium carbonates. See Table 9. The 
highest salinity values were in the soil profiles of the footslope and 
lower backslope regions of the watershed while the lowest values were in 
the soil profiles of the upper backslope, shoulder and summit regions. 
Salinity of the soil profile in the toeslope region of the watershed 
was less than the footslope region and higher than the shoulder and 
summit regions. High salinity values found in the soils of the lower 
backslope, footslope and toeslope of the watershed are the result of a 
water table whose capillary fringe is near the soil surface. 
Cation Exchange Capacity 
Cation exchange capacity, CEC, of the soil increases from the 
summit to the toeslope and decreases within the soil profile from the 
surface horizons to the underlying parent material. The increasing CEC 
from the summit to the toeslopes is related to the deposition of organic 
matter and sediments which have high CEC values. The decreasing CEC 
within the soil profile from the surface to the underlying parent 
material is related to the decrease of organic matter content of the 
lower soil horizons and a decrease in the degree of primary mineral 
weathering and clay formation. 
The soils of the summit, shoulder and upper backslope have formed 
in sandy drift which have relatively low CEC. Surface horizon CEC 
ranges from 12.63 me/lOOg to 16.34 me/lOOg. Soil horizon CEC of these 
soils decreases with depth and the CEC of the underlying parent material 
ranges from 5.73 me/lOOg to 9.76 me/lQOg. 
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The soils of the lower backslope and footslope have higher CEC 
than the soils on the upper portion of the watershed. These soils formed 
in silty glacial till which has higher CEC than the sandy drift and they 
accumulated sediments from the surrounding uplands. Surface horizon CEC 
ranges from 21.12 me/lOOg to 25.99 me/lOOg. Soil horizon CEC decreases 
with depth and the CEC of the underlying parent material ranges from 
12.28 me/lOOg to 19.36 me/lOOg. 
The soils of the toeslopes have the highest CEC and formed in 
fine sediments from the surrounding uplands. Surface horizon CEC ranges 
from 28.18 me/lOOg to 30.97 me/lOOg. Soil horizon CEC decreases with 
depth and the CEC of the underlying parent material ranges from 
13.06 me/lOOg to 17.39 me/ l OOg. See Table 9. 
Organic Matter 
Organic matter content of the soil profile is the greatest in the 
surface horizon and increases from the summit to the toeslopes. The 
organic matter has cation exchange capacity and contributes to the CEC of 
the soil horizons. Organic matter content of the surface horizons ranges 
from 1.5 percent in the soil at site 8 to 3.5 percent in the soil at site 
2. The increase in organic matter content in the toeslope, footslope and 
upper backslope soils is the result of increased vegetative growth in 
these regions and deposition of organic matter from the surrounding 
uplands. See Table 9. 
Soil Genesis of the Eight Soils 
on the Watershed Profile 
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The eight soils, which occur on the watershed profile, had their 
development influenced and controlled by the five soil genesis factors. 
These five factors; parent material, environment, flora-fauna, topography 
and time; are reflected by the morphology of the watershed soils and 
their chemical and physical properties. The exact influence each soil 
genesis factor had on the development of the watershed soils is 
indeterminable because of the close interrelationship for these factors. 
However, estimates of the effects of soil genesis on soil development 
can be made based on the soil morphologic, chemical and physical 
properties. 
Parent Material 
Parent material of the watershed soils consists of sandy glacial 
drift, glacial till and recent alluvial sediments. The sandy glacial 
drift deposits occupy the upper portions of the watershed. These drift 
deposits overlie the glacial till and are deeper than 1.5 m (5 ft) on the 
summit region of the watershed. Glacial till ground moraine deposits 
underlie the sandy drift and outcrop along the lower backslope and 
footslope of the watershed. These deposits are believed to be from the 
Cary glacial subage. The recent alluvial sediments are derived from the 
surrounding uplands and are transported to and deposited on the toeslopes 
by water erosion. 
The sandy drift occurs on the summit, shoulder and upper backslope 
of the watershed and is the parent material for the soils at sites 5, 6, 
7 and 8. These soils have sandy and loamy surfaces and subsoil horizons 
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and have bulk densities which range from 1.44 g/cm3 to 1.55 g/cm3 • 
Permeability of these soils is rapid and cation exchange capacity is 
relatively low. 
The glacial till occurs on the lower backslope and footslope of 
the watershed and is the parent material for the soils at sites 3 and 4. 
These soils have loamy surfaces and silty subsoil horizons and have bulk 
densities which range from 1.28 g/cm3 to 1.47 g/cm3 • Permeability of 
these soils is slower than the adjacent sandy drift and cation exchange 
capacity is greater. 
The recent alluvial sediments are the parent material for the 
soils at sites 1 and 2. These soils have clayey surfaces and subsoil 
horizons which are high in organic matter content and have bulk densities 
3 3 which range from 1.43 g/cm to 1.45g/cm • Permeability of these soils 
is the slowest of the soils on the watershed and cation exchange capacity 
is the greatest. 
Environment 
Precipitation influences soil development on the watershed by 
translocating nutrients, sesquioxides, organic matter, salts and clay 
particles into different soil horizons. It also is the source of 
recharge for the perched water table of the footslope and toeslope region 
of the watershed. On the upper portion of the watershed; the summit, 
shoulder and upper backslope; translocation is in a downward direction 
and soil constituents are being leached out of the surface horizons and 
redeposited in the lower soil horizons. The capillary fringe of the 
perched water table in the toeslope and footslope of the watershed causes 
translocation of soluble salts into the surface soil horizons. In this 
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area of the watershed the leaching effect of rainfall is not great enough 
to remove these deposits of soluble salts. 
Precipitation, also, is the source of runoff which carries 
sediments from the peripheral sideslopes and redeposits them in the basin 
areas. These sediments then become the parent material for the toeslope 
soils. 
The effects of temperature on the watershed soils are not readily 
apparent and influence the rate and direction at which the soil forming 
reactions proceed. These soil forming reactions proceed at the same 
rate and direction within these soils. because the temperature effect is 
the same for all. 
Flora-Fauna 
The organic matter content of the watershed soils is the result 
of the tall grass prairies and the current farming operations. Organic 
matter accumulations are the greatest in the soils which receive 
additional runoff from the surrounding landscape. This increase is due 
to deposition of organic matter by runoff and an increase in vegetative 
growth caused by additional available soil moisture. 
Topography 
Topography of the watershed, as described previously, is that of 
a closed drainage system which contains a depository, peripheral 
sideslope and a divide. (Rube and Walker, 1968). The summit soils have 
the greatest profile development. They have well defined surfaces and 
subsoil horizons which are leached of soluble salts and organic matter 
decreases regularly with depth. The shoulder, backslope and footslope 
soils are subject to soil erosion and they do not have well developed 
soil profiles. However, in areas where the rate of erosion is not as 
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great or deposition is occurring, these soils do exhibit somewhat better 
profile development. The toeslope soils have well developed profiles 
and over thickened surface horizons whicharethe result of sedimentation 
in this region. 
Time 
It is evident that time was needed to develop the soils which 
occur on the watershed. This can be seen in the well developed summit 
soils and the accumulation of sediments on the toeslopes. However, the 
precise time required for the development of these soils is 
indet~rminable. 
Classification of the Eight 
Watershed Soils 
The eight soils were classified to the family level using the 
detailed morphologic descriptions in Appendix B and the criteria of Soil 
Taxonomy. (USDA-Soil Conservation Service, 1975). This classification 
system is based on the chemical, physical and morphologic properties of 
each soil type. The sequence of classification is the Order, Suborder, 
Great Group, Subgroup and Family. 
Order 
The eight typica l watershed soi ls developed under the influence 
of the tall grass prairies and have dark colored surface horizons 
containing more than one percent organic matter. Their diagnostic 
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horizon or epipedon has Munsell color value darker than 3.5 moist and 5.5 
dry and chroma less than 3.5 when moist. Thickness of the epipedon after 
mixing is 18 em (7 in) or more and is more than one-third the thickness 
of the solum (the combined thickness of the A and B horizon). The 
watershed soils exhibit these characteristics; have a mollie epipedon and 
were classified in the order Mollisol. 
Suborder 
These soils have a mean annual soil temperature less than 22° C 
(72° F) and the mean summer and winter soil temperature differ by 5° C 
(9° F) or more at a depth of 50 em (20 in). The soil moisture control 
section is dry in some or all parts for 90 or more cumulative days but it 
is not dry in all parts for more than half the time the soil temperature 
is greater than 5° C (41° F) at 50 em (20 in). The watershed soils of 
the study area developed in a ustic moisture regime and were classified 
in the suborder Ustoll. 
Great Group 
The soils at sites 2, 3 and 4, on the upper toeslope, footslope 
and lower backslope of the watershed, have a calcic horizon within 1.0 m 
(3.3 ft) of the soil surface. They are calcareous in all subhorizons 
overlying the calcic horizon and were classified in the great group 
Calciustoll. 
The soils at sites 1, 5, 6, 7 and 8, on the toeslope, backslope, 
shoulder and summit of t he watershed are not calcareous in all subhorizon 
overlying their calcic horizon. They do not have a duripan, natric 
horizon, argillic horizon or a horizon be l ow the Ap which contains 50 
percent or more wormcasts or filled animal burrows. These five soils 
were classified in the great group Haplustoll. 
Subgroup 
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The Calciustoll soils at sites 2 and 3 have mottles within 7S em 
(30 in) of their surface that are due to segregation of iron and manganese 
accompanied by a seasonal water table. The l.S m (S ft) piezometer at 
site 2 had an average depth to the saturation zone of 1.0 m (3.6 ft) and 
an average duration of 160 days during 1979 and 1980. However, this 
piezometer was dry in 1981. Site 3 had an average depth to the saturated 
zone of 1.2 m (3.8 ft) in the l.S m (S ft) piezometer and an average 
duration of 94 days during 1979, 1980 and 1981. The apparent saturation 
zone of the soils at sites 2 and 3 was slightly less than 1.0 m (3.3 ft) 
of the surface during the study period and the duration when saturated 
was greater than 90 days. The apparent saturated zone of these soils 
would have probably been within 1.0 m (3.3 ft) of the soil surface if the 
precipitation rate during the study period had not been below the norm. 
Soils at sites 2 and 3 are believed to be saturated for 90 days or more 
within 1.0 m (3.3 ft) of the soil surface and were classified in the 
subgroup Aquic Calciustoll. 
The Calciustoll soil at site 4 did not have mottles within 7S em 
(30 in) of the soil surface nor was it saturated within 1.0 m (3.3 ft) of 
the surface for 90 days or more. This soil has a mollie epipedon that is 
greater than SO em (20 in) thick and was classified in the subgroup 
Pachic Calciustoll. 
The Haplustoll soils at sites 1 and 7 have mollie epipedons 
greater than so em (20 in) thick. The soil at site 1 has mottles within 
75 em (30 in) of the soil surface and is not saturated within 1.0 m 
(3.3 ft) of the surface for 90 days or more. It has a calcic horizon 
deeper than 1.0 m (3.3 ft) from the soil surface and is calcareous in 
same of the overlying subhorizons. The soil at site 7 has a calcic 
horizon within 1.0 m (3.3 ft) of the soil surface and the overlying 
subhorizons are not calcareous. Both soils have a cambic horizon and 
were classified in the subgroup Pachic Haplustoll. 
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The Haplustoll soils at sites 6 and 8 have a cambic horizon and a 
calcic horizon within 1.0 m (3.3 ft) of the soil surface. These soils do 
not have mottles within 75 em (30 in) of the soil surface and the 
subhorizons overlying the calcic horizon are not calcareous. They do not 
have a salic horizon and lithic contact is deeper than 50 em (20 in). 
These soils were classified in the subgroup Typic Haplustoll. 
The Haplustoll soil at site 5 does not have a cambic horizon and 
the mollie epipedon is not calcareous. Mottles are present within 75 em 
(30 in) of the soil surface but they have chroma greater than 2. This 
soil has a calic horizon within 1.0 m (3.3 ft) of the soil surface and 
was classified in the subgroup Entic Haplustoll. 
Family 
The family differentia consists of particle size class, 
mineralogy class and soil temperature class. These are the only family 
classes which apply to the soils in the study area and are listed in the 
order which the descriptive terms appear in the family name. 
The particle size class (texture of the control section) was 
determined from the average percent sand, silt and clay of the soil 
between 25 em (10 in) and 100 em (40 in) depth. Five particle size 
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classes were found to exist in the study area and are listed in Table 7. 
The mineralogy class of the soils is mixed except for the soil at site 1 
which is montmorillonitic. The temperature class of the study area is 
mesic and the mean annual temperature of the soil at a depth of 50 em 
(20 in) is between 8° C (47° F) and 15° C (59° F). Previous and 
proposed classification of the eight soils on the watershed profile are 
listed in Table 10. 
Table lOa Previous and Proposed Classification 
of the Soils, Sites 1 thru 8. 
Site 
(Position) 
1 
(Toes lope) 
2 
(Foots lope) 
3 
(Foots lope) 
4 
(Foots lope) 
5 
(Backs lope) 
6 
(Shoulder) 
7 
(Summit) 
8 
(Summit) 
Previous 
Classification 
Cumulic Haplaquoll, 
fine, montmorillonitic, 
mesic. 
Aerie Calciaquoll, 
fine loamy, mixed, mesic. 
Aerie Calciaquoll, 
fine loamy, mixed, mesic. 
Aerie Calciaquoll, 
fine loamy, mixed, mesic. 
Entic Haplustoll, 
coarse loamy, mixed, mesic. 
Typic Haplustoll, 
coarse loamy, mixed, mesic. 
Pachic Haplustoll, 
coarse loamy, mixed, mesic. 
Typic Haplustoll, 
sandy, mixed, mesic. 
Proposed 
Classification 
Pachic Haplustoll, 
fine, montmorillonitic, 
mesic. 
Aquic Calciustoll, 
fine loamy, mixed, mesic. 
Aquic Calciustoll, 
fine silty, mixed, mesic. 
Pachic Calciustoll, 
fine silty, mixed, mesic. 
Entic Haplustoll, 
coarse loamy, mixed, mesic. 
Typic Haplustoll, 
coarse loamy, mixed, mesic. 
Pachic Haplustoll, 
coarse loamy, mixed, mesic. 
Typic Haplustoll, 
sandy, mixed, mesic. 
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CONCLUSIONS 
Soils, which developed within the Cary ground moraine closed 
drainage systems, reflect the soil forming factors and reactions in their 
genesis and morphology. These factors and reactions differed within the 
closed drainage system catena and the resulting soils have uniquely 
different properties and characteristics. Topography, parent material 
and parent material heterogeneity had the greatest influence on the 
soil genesis and morphology. 
The calcium enriched toeslope, footslope and backslope soils 
contained calcium carbonate and other soluble salt at their surface while 
the soils which formed on the upper porti ons of the landscape had these 
slats leached from the soil surface and underlying h~rizons. The calcium 
carbonate and soluble salt accumulations in the soil surface are the 
result of a periodic perched water table and its associated capillary 
fringe. Capillarity transports the s oil water containing dissolved salts 
upward from the phreatic zone and deposits them in the soil surface 
horizons. The result i ng soils are calcareous throughout their prof ile 
and have a calcic horizon within 1.0 m (3.3 ft) of the soil surface. 
Soluble salt accumulation and mottling are indicators of soil 
wetness and the moisture regime in which soil formation occurred. The 
footslope and toeslope soils of the closed drainage catena were thought 
to have an aquic moisture regime because of these soluble salt 
accumulations and the mottling within 1 . 0 m (3.3 ft) of soil surface. 
These soils were then classified in the suborder Aquoll and were 
considered totally saturated with water for some period of time during 
any given year. However, the toeslope and footslope soils were never 
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totally saturated by either ponded surface water or the capillary fringe 
associated with the perched water table during the study period 1979 thru 
1981. 
The toeslope soils were previously classified in the subgroup 
Cumulic Haplaquoll. This classification did not reflect the genesis and 
morphology of the toeslope soils because the organic matter content was 
regularly decreasing with depth and the aquic moisture regime was not 
present. Analysis of the chemical, physical, hydrologic and morphologic 
data indicate that these soils should be classified in the subgroup 
Pachic Haplustoll. 
The footslope and lower backslope soils were previously classified 
in the subgroup Aerie Calciaquoll. The footslope soils did not have an 
aquic moisture regime but their genesis and morphology was strongly 
influenced by the capillary fringe of the perched footslope water table. 
Analysis of the chemical, physical, hydrologic and morphologic data 
resulted in reclassification of the footslope soils in the subgroup 
Aquic Calciustoll. 
The lower backslope soils, like the footslope soils, did not have 
an aquic moisture regime and their genesis and morphology was strongly 
influenced by the capillary fringe of the perched footslope water table. 
However, the influence of the capillary fringe was not as great as it was 
in the genesis of the footslope soils. These soils also had a mollie 
epipedon which was greater than 50 em (20 in) thick and were 
reclassified into the s bgroup Pachic Calcius toll. 
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APPENDIX A 
Crop Growth and Yield Data 
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Flax Yield Data, Sites 1 thru 8, 1978. 
Site Dis. Summit Sample Height Weight Oil Content 
(m) (em) (g/m2) (%) 
1 280 Site 1 was deferred in 1978. No data was 
available. 
2 239 1 38.7 97.4 42.83 
2 41.9 88.5 40.13 
3 36.3 125.3 39.67 
3 209 1 35.6 100.5 42.23 
2 40.0 115.5 43.52 
3 44.4 77.9 43.29 
4 166 1 42.5 95.8 42.99 
2 43.8 126.8 42.61 
3 45.6 121.8 42.56 
5 125 1 37.5 84.7 45.36 
2 37.5 49.9 44.99 
3 36.9 60.8 43.27 
6 87 1 34.4 65.7 44.99 
2 . 31.3 66.9 43.25 
3 34.4 64.1 45.23 
7 58 1 41.3 54.7 42.64 
2 41.3 87.9 44.37 
3 41.9 67.7 43.70 
8 14 1 31.9 27.7 44.08 
2 29.7 26.9 41.57 
3 30.6 26.3 42.48 
Julian 
Date 
150 
156 
164 
170 
174 
181 
187 
194 
198 . 
205 
212 
219 
234 
246 
265 
Note a 
Corn Growth and Development Data, Sites 1 thru 8, for 1979. 
Site (m) 
1(280) 2(239) 3(209) 4(166) 5(125) 6(87) 7(58) 8(14) 
Height in em . 
>2.5 >2.5 >2.5 >2.5 2 . 5 2.5 
5.1 7.6 7.6 7.6 7.6 8.9 12.7 12.7 
10 . 2 10.2 10.2 12.7 12.7 15.2 17.8 17.8 
12.7 10.2 10~2 15.2 15.2 17.8 20.3 20.3 
25.4 25.4 20.3 30.5 30.5 33.0 38.1 35.6 
38.1 33.0 33.0 40.6 43.2 45.7 55.9 53.3 
60.9 50.8 55.9 61.0 61.0 63.5 104.1 78.7 
86.4 66.0 63.5 83.8 91.4 91.4 116.8 109.2 
152.4 11 . 8 101.6 132.0 132.0 142.2 190.5 152 . 4 
167.6 149.9 142.2 149.9 167.6 182.9 208.3 182.9 
223 . 5 21 8.4 190.5 218.4 243.8 241.3 243 . 8 243.8 
223. 5 218.4 208.3 218.4 243 . 8 241 . 3 243 . 8 243.8 
223. 5 218.4 208.3 218.4 243.8 241.3 243.8 243.8 
(m) i s the distance from summit in meters. 
Stage of 
Deve1oEment 
Pl anted 
Emergence 
Tass el 
Silking 
Dent 
Cut for Silage 
00 
N 
Barley Growth and Development Data, Sites 1 thru 8, for 1980. 
Julian Site (m) Stage of 
Date 1(280) 2(239) 3(209) 4(166) 5(125) 6(87) 7(58) 8(14) Deve1oEment 
Height in em. 
126 8.0 6.0 7.0 8.0 8.0 10.0 10.0 8.0 Emergence 
130 9,0 9.0 9.0 10.0 8.0 9.0 10.0 10.0 2 Leaf 
140 12.0 12.0 11.0 16.0 13.0 15.0 20.0 12.0 
143 15.0 17.0 14.0 16.0 17.0 17.0 23.0 19.0 
148 25.0 22.0 16.0 24.0 25.0 22.0 26.0 23.0 
150 34 .o 22.0 22.0 26.0 27.0 25.0 29.0 26.0 
154 38.0 29.0 22.0 31.0 34.0 36.0 35.0 28.0 Boot 
157 46,0 30.0 29,0 42.0 40.0 38.0 44.0 37.0 Boot 
161 54.0 41.0 39,0 50.0 50,0 48.0 58,0 47,0 
164 61,0 46,0 40.0 57.0 62,0 53.0 65.0 48,0 
168 58.0 63.0 53.0 69,0 67.0 65,0 83.0 65,0 
171 76.0 74.0 52,0 78.0 72.4 67.2 82.0 71.0 20% Heading 
175 78.0 76,0 55.0 74.0 72,0 70,0 83.0 74.0 100% Heading 
178 85.0 73.0 58,0 85,0 88,0 65,0 89.0 78,0 
182 89.0 75,0 60,0 88.0 82.0 87.0 94.0 78,0 
184 86,0 76.0 62.0 82.0 78,0 73.0 87.0 76,0 
189 91.0 72.0 68,0 91,0 92.0 86,0 96.0 77.0 
192 91.0 75.0 68,0 91.0 91.0 85.0 96,0 76.0 
199 87.0 76,0 60.0 74,0 78,0 77.0 90,0 76.0 Ripening 
203 86.0 76,0 55,0 74.0 78.0 73.0 80,0 70,0 00 
w 
Barley Growth and Development--continued 
Julian Site (m) Stage of 
Date 1(280) 2(239) 3(209) 4(166) 5(125) 6(87) 7(58) 8(14) Development 
Height in em. 
206 84.0 75.0 66.0 91.0 91.0 88.0 95.0 73.0 
220 Harvested 
Yiel2s 
(g/m ) 81.7 90.5 57.9 112.8 87.2 78.3 120.4 61.0 
Note1 (m) is the distance from summit in meters. 
~ 
Alfalfa Growth and Development Data, Site 1 thru 8, for 1979 and 1980. 
Year · Julian Site (m) Stage of 
Date 1(280) 2(239) 3(209) 4(166) 5(125) 6(87) 7(58) 8(14) Development 
Height in em. 
1979 150 38.1 35.6 40.6 43.2 43.2 38.1 45.7 45.7 
159 40.6 38.1 43.2 45.7 45.7 40.6 50.8 48.3 
164 53.3 53.3 50.8 58.4 58.4 58.4 66.0 63.5 
170 63.5 58.4 53.3 66.0 66.0 71.1 73.7 73.7 
174 66.0 63.5 58.4 68.6 68.6 73.7 78.7 78.7 10% Bloom 
177 1st C . - utt~ng 
187 10.2 10.2 12.7 15.2 17.8 17.8 15.2 15.2 Regrowth 
194 30.5 27.9 22.9 38.1 38.1 38.1 43.2 40.6 
198 45.7 38.1 30.5 45.7 45.7 48.3 50.8 50.8 
205 55.9 53.3 38.1 61.0 55.9 66.0 63.5 58.4 20% Bloom 
212 2nd C . - utt~ng 
219 No Regrowth 
234 33.0 33.0 27.9 35.6 40.6 38.1 40.6 40.6 
241 45.7 38.1 30.5 38.1 43.2 45.7 50.8 50.8 
248 50.8 45.7 35.6 45.7 48.3 50.·8 55.9 55.9 
1980 119 9.0 6.0 11.0 9.0 10.0 10.0 8.0 9.0 New Growth 
122 10.0 15.0 15.0 11.0 10.0 11.0 10.0 15.0 
126 17.0 17.0 20.0 20.0 19.0 34.0 27.0 31.0 Slight Frost 
130 14.0 17.0 23.0 23.0 20.0 22.0 24.0 25.0 
140 15.0 17.0 28.0 23.0 30.0 26.0 33.0 26.0 CX> 
VI 
Alfalfa Growth and Development--continued 
Year Julian Site (m) Stage of 
Date 1(280) 2(239) 3(209) 4(166) 5(125) 6(87) 7(58) 8(14) Development 
Height in em. 
1980 143 22.0 17.0 30.0 27.0 38.0 38.0 36.0 40.0 
148 30.0 33.0 37.0 36.0 45.0 50.0 41.0 55.0 
150 35.0 35.0 40.0 40.0 49.0 50.0 54.0 60.0 10% Bloom 
154 40.0 39.0 44.0 44.0 60.0 64.0 58.0 64.0 
157 46.0 44.0 45.0 45.0 68.0 68.0 58.0 66.0 
161 55.0 53.0 42.0 49.0 77.0 65.0 70.0 75.0 Full Bloom 
164 66.0 47.0 45.0 66.0 74.0 75.0 76.0 74.0 
168 60.0 63.0 50.0 64.0 66.0 73.0 68.0 82.0 
171 1st C . - utt1ng 
175 20.0 15,0 14.0 22.0 22.0 19.0 21.0 24.0 Regrowth 
178 19.0 21.0 25.0 20.0 16.0 27.0 25.0 16.0 
182 24 .o 26.0 24.0 27.0 26.0 25.0 28.0 28.0 
184 30.0 31.0 27.0 36.0 35.0 36.0 29.0 27.0 
189 43.0 42.0 36.0 45.0 52.0 51.0 53.0 48.0 
192 43.0 45.0 35.0 50.0 56.0 56.0 53.0 47.0 
196 56.0 40.0 42.0 48.0 52.0 53.0 54.0 48.0 10% Bloom 
199 56.0 62.0 36,0 61.0 64.0 63.0 62.0 58.0 25% Bloom 
203 59.0 54.0 41.0 57.0 68.0 67.0 68,0 62.0 Full Bloom 
206 2nd C . - utt1ng 
220 17.0 11.0 16.0 Little Regrowth 
224 7.0 12.0 13.0 12.0 14.0 OJ 
0'\ 
Alfalfa Growth and Development--continued 
Year Julian Site (m) 
Date 1~280) 2~239) 3(209) 4(166) 5(125) 
Height in em. 
1980 227 16.0 21.0 
234 14 .o 33.0 27.0 25.0 29.0 
241 13.0 28.0 32.0 35.0 40.0 
248 16.0 30.0 38.0 32.0 40.0 
255 29.0 34.0 39.0 36.0 so.o 
262 
269 7.0 8.0 10.0 
276 
Note a (m) is distance from summit in meters. 
6(87) 7~58) 
22.0 23.0 
38.0 37.0 
41.0 45.0 
45.0 45.0 
52.0 57.0 
14 .o 12.0 
8(14) 
18.0 
37.0 
42.0 
44.0 
54.0 
8.0 
Stage of 
Deve1oEment 
10% Bloom 
Cut 
Fall Plowed 
00 
....... 
APPENDIX B 
Soil Morphology 
Site 1 
Soil Morphology of the Eight Soils 
on the Watershed Profile 
Site 1 consists of deep, somewhat poorly drained soils which 
89 
formed in silty and clayey alluvial sediments on the toeslope regions ·of 
the watershed. Slopes range from zero to one percent and are slightly 
concave. Permeability is slow. 
Site 1 is located 280 .4 m ( 920 ft) from the summit of watershed 
or 268.2 m (880 ft) east and 191.7 m (629 ft) south of the northwest 
corner Sec. 2, Tl08N, R55W, Miner County, South Dakota. 
Ap 0 to 15 em (0 to 6 in); dark gray (lOYR 4/1) silty clay loam, 
black (lOYR 2.5/1) moist; weak fine and medium granular structure; 
slightly hard, friable, slightly sticky; slight effervescence; mildly 
alkaline ; abrupt smooth boundary. 
Al 15 to 60 em (6 to 24 in); very dark gray (lOYR 3/1) silty 
clay loam, black (lOYR 2.5/1) moist; weak medium prismatic structure 
parting to weak medium subangular blocky; slightly hard, friable, 
slightly sticky; slight effervescence; mildly alkaline; abrupt wavy 
boundary. 
90 
Bwyl 60 to 86 em (24 to 34 in); dark gray (lOYR 4/1) silty clay 
loam, very dark gray (lOYR 3/1) moist; few fine distinct gray (lOYR 6/1) 
mottles; weak medium prismatic structure parting to weak medium 
subangular blocky; slightly hard, friable, slightly sticky; few fine 
accumulations of sulfate; slight effervescence; mildly alkaline; clear 
wavy boundary. 
Bwy2 86 to 127 em (34 to 50 in); gray (lOYR 5/1) clay loam, dark 
gray (lOYR 4/1) moist; few fine distinct light brownish gray (lOYR 6/2) 
mottles; moderate coarse prismatic parting to moderate medium subangular 
blocky; hard, firm, sticky; few fine accumulations of sulfate; mildly 
alkaline; diffuse wavy boundary. 
Ck 127 to 152 em (50 to 60 in); gray (5Y 6/1) silty clay loam, 
olive gray (5Y 5/2) moist; few fine faint light olive gray (5Y 6/2) 
mottles; structureless massive; hard, firm, sticky, many fine 
accumulations of carbonate; violent effervescence; mildly alkaline. 
Site 2 
Site 2 consists of deep, poorly drained soils which formed in 
silty alluvial sediments on the toeslope and lower footsloperegions of 
the watershed. Slopes range from one to two percent and are concave. 
Permeability is slow. 
Site 2 is located 239.3 m (785 ft) from the summit or 310.-9 m 
(1020 ft) east and 191. 7 m (629ft) south of the northwest corner Sec.2, 
Tl08N, R55W, Miner County, South Dakota. 
Ap 0 to 20 em (0 to 8 in); dark gray (5Y 4/1) silt loam very 
dark gray (5Y 3/1) moist; weak fine granular structure; soft, friable; 
slight effervescence; moderately alkaline; abrupt smooth boundary. 
ACy 20 to 48 em (8 to 19 in); dark gray (5Y 4/1) clay loam, 
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black (5Y 2.5/1) moist; weak coarse subangular blocky structure parting 
to weak medium subangular blocky; soft, friable; common fine accumulations 
of sulfates; slight effervescence; moderately alkaline; gradual wavy 
boundary. 
Ckl 48 to 66 em (19 to 26 in); light olive gray (5Y 6/2) loam, 
olive gray (5Y 5/2) moist; few fine faint pale olive (5Y 6/3) mottles; 
structureless massive; slightly hard, friable, slightly sticky; few fine 
accumulations of carbonate; strong effervescence; moderately alkaline; 
gradual wavy boundary. 
Ck2 66 to 102 em (26 to 40 in); light olive gray (SY 6/2) silt 
loam, olive gray (5Y 5/2) moist; few fine faint pale olive (5Y 6/3) 
mottles; structureless massive; slightly hard, friable, slightly sticky; 
few medium accumulations of carbonate; strong effervescence; moderately 
alkaline; gradual wavy boundary. 
c 102 to 152 em (40 to 60 in); gray (5Y 6/1) silt loam, gray 
(5Y 5/1) moist; few fine prominent olive yellow (2.5Y 6/6) mottles; 
·structureless massive; slightly hard, friable, slightly sticky; strong 
effervescence; moderately alkaline. 
Site 3 
Site 3 consists of deep, somewhat poorly drained soils which 
formed in silty glacial drift on the motslope region of the watershed. 
Slopes range from two to four percent and are convex. Permeability is 
moderately slow. 
92 
Site 3 is located 208.8 m (685 ft) from the summit or 341.4 m 
(1120 ft) east and 191.7m (629 ft) south of the northwest corner Sec. 2, 
Tl08N, R55W, Miner County, South Dakota. 
Ap 0 to 18 em (0 to 7 in); _gray (5Y 5/1) loam, very dark gray 
(5Y 3/1) moist; weak fine granular structure; soft, fr.iable; strong 
effervescence; moderately alkaline; abrupt smooth boundary. 
Bwy 18 to 30 em (7 to 12 in); gray and pale yellow (5Y 4/1 and 
5Y 6/3) loam, very dark gray and olive (5Y 3/1 and 5Y 5/3) moist; weak 
medium subangular blocky structure parting to weak fine subangular blocky; 
soft, friable; strong effervescence, moderately alkaline; clear wavy 
boundary. 
BCky 30 to 66 em (12 to 26 in); pale yellow (SY 7/3) silt loam, 
pale olive (SY 6/3) moist; weak medium subangular blocky structure; 
slightly hard, friable, slightly sticky; common fine accumulations of 
sulfate and carbonate; violent effervescence; moderately alkaline; grad-
ual wavy boundary. 
Cl 66 to 107 em (26 to 42 in); light gray (5Y 7/2) silt loam, 
light olive gray (5Y 6/2) moist; few .fine distinct yellow (5Y 8/8) 
mottles; structureless massive; slightly hard, friable, slightly sticky; 
93 
fine medium accumulations of carbonate; strong effervescence; moderately 
alkaline; gradual wavy boundary. 
C2 107 to 152 em (42 to 60 in); white (SY 8/2) silt loam, light 
olive gray (SY 6/2) moist; few fine distinct yellow (SY 7/8) mottles; 
structureless massive; slightly hard, friable, slightly sticky; strong 
effervescence; moderately alkaline. 
Site 4 
Site 4 consists of deep, somewhat poorly drained soils which 
formed in silty glacial till on thefuotslope region of ·the watershed. 
Slopes range from zero to two percent and are slightly concave. 
Permeability is moderately slow. 
Site 4 is located 166.1 m (545 ft) from the summit or 384 m 
(1260 ft) east and 191.7 m (629 ft) south of the northwest corner Sec. 2, 
Tl08N, RSSW, Miner County, South Dakota. 
Ap 0 to 23 em (0 to 9 in); dark gray (lOYR 4/1) loam, black 
(lOYR 2.5/1) moist; weak fine and medium granular structure; soft, 
friable; slight effervescence; moderately alkaline; abrupt smooth 
boundary. 
Bw 23 to 51 em (9 to 20 in); dark gray (lOYR 4/1) clay loam, 
very dark gray (lOYR 3/1) moist; weak medium prismatic structure parting 
to weak· medium and fine subangular blocky; slightly hard, friable; slight 
effervescence; moderately alkaline; clear wavy boundary. 
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BCk 51 to 79 em (20 to 31 in); gray (lOYR 5/1) silty clay loam, 
very dark grayish brown (lOYR 3/2) moist; weak medium prismatic structure 
parting to weak medium subangular blocky; slightly hard, friable, 
slightly sticky; few fine accumulations of carbonate; violent 
effervescence; moderately alkaline; gradual wavy boundary. 
Ck 79 to 130 em (31 to 51 in); gray (lOYR 5/1) silty clay loam, 
dark gray (lOYR 4/1) moist; cammon .coarse distinct very pale brown 
(lOYR 7/3) mottles; structureless massive; slightly hard, friable, 
slightly sticky; common fine accumulations of carbonat~; violent 
effervescence; moderately alkaline; gradual wavy boundary. 
Cy 130 to 152 em (51 to 60 in); pale brown (lOYR 6/3) silty clay 
loam, brown (lOYR 5/3) moist; few fine prominent brownish yellow 
(lOYR 6/8) mottles; structureless massive; slightly hard, friable, 
slightly sticky; common fine accumulations of sulfate and carbonate; 
strong effervescence; moderately alkaline. 
Site 5 
Site 5 consists of deep, well drained soils which formed in 
eolian sand and silt overlying silty glacial drift on the backslope 
region of the watershed. Slopes range from three to six percent and are 
slightly convex. Permeability is moderately rapid over moderate. 
Site 5 is located 125m (410 ft) from the summit or 426.7 m 
(1400 ft) east and l9l w7 m (629ft) south of the northwest corner Sec. 2, 
T108N, R5SW, Miner County, South Dakota. 
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Ap 0 to 18 em (0 to 7 in); grayish brown (lOYR 5/2) sandy loam, 
very dark grayish brown (lOYR 3/2) moist; weak medium and fine granular 
structure; soft, very friable; moderately alkaline; abrupt smooth 
boundary. 
AC 18 to 30 em (7 to 12 in); grayish brown and light gray 
(lOYR 5/2 and lOYR 7/2) sandy loam, dark grayish brown and grayish brown 
(lOYR 4/2 and lOYR 5/2) moist; weak medium and fine subangular blocky 
structure; soft, very friable; slight effervescence; moderately alkaline; 
clear wavy boundary. 
Ck 30 to 48 em (12 to 19 in); very pale brown (lOYR 7/3) sandy 
loam, brown (lOYR 5/3) moist; tructureless massive; slightly hard, friable; 
few fine accumulations of carbonate; violent effervescence; strongly 
alkaline; gradual wavy boundary. 
C 48 to 81 em (19 to 32 in); very pale brown (lOYR 7/3) sandy 
loam, pale brown (lOYR 6/3) moist; few fine faint and distinct very pale 
brown and yellow (lOYR 7/4 and lOYR 7/6) mottles; structureless massive; 
slightly hard, friable; few fine accumulations of carbonate; strong 
effervescence; strongly alkaline; gradual wavy boundary. 
2C 81 to 152 em (32 to 60 in); light gray (lOYR 7/1) silt loam, 
gray (lOYR 6/1) moist; few fine prominent very pale brown and yellow 
(lOYR 7/4 and lOYR 7/6) mottles; structureless massive; hard, friable, 
slightly sticky; few fine accumulations of carbonate; slight 
effervescence; strongly alkaline. 
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Site 6 
Site 6 consists of deep, well drained soils which formed in 
eolian sand and silt overlying silty glacial drift on the shoulder region 
of the watershed. Slopes range from two to four percent and are convex. 
Permeability is moderately rapid over moderate. 
Site 6 is located 86.9 m (285 ft) from the summit or 463.3 m 
(1520 ft) east and 191.7 m (629 ft) south of the northwest corner Sec.2, 
Tl08N, R55W, Miner County, South Dakota. 
Ap 0 to 20 em (0 to 8 in); .dark grayish brown (lOYR 4/2) sandy 
loam, very dark grayish brown (lOYR 3/2) moist; weak medium and fine 
granular structure; soft, very friable; mildly alkaline; abrupt smooth 
boundary. 
Bwl 20 to 38 em (8 to 15 in); brown (lOYR 5/3) sandy loam, dark 
brown (lOYR 3/3) moist; weak coarse and medium subangular blocky 
structure; soft, very friable; mildly alkaline; clear wavy boundary. 
Bw2 38 to 76 em (15 to 30 in); brown (lOYR 5/3) sandy loam, dark 
brown (lOYR 4/3) moist; weak coarse and medium subangular blocky 
structure; soft, very friable; mildly alkaline; gradual wavy boundary. 
BC 76 to 99 em (30 to 39 in); light brownish gray (lOYR 6/2) 
sandy loam, grayish brown (lOYR 5/2) moist; weak coarse subangular blocky 
structure; soft, very friable; slight effervescence; moderately alkaline; 
gradual wavy boundary. 
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Ck 99 to 124 em (39 to 49 in); pale brown (lOYR 6/3) sandy loam, 
brown (lOYR 5/3) moist; few fine faint light yellowish brown (lOYR 6/4) 
mottles; structureless massive; soft, friable; few medium accumulations 
of carbonate; strong effervescence; moderately alkaline; gradual wavy 
boundary. 
2Ck 124 to 152 em (49 to 60 in); light gray (lOYR 7/2) loam, 
light brownish gray (lOYR 6/2) moist; few common prominent yellowish 
brown (lOYR 5/8) mottles; structureless mass·ive; slightly hard, friable; 
common fine accumulations of carbonate; strong effervescence; .moderately 
alkaline. 
Site 7 
Site 7 consists of deep, ·well drained soils which formed in 
. eolian sand on the summit of the watershed. Slopes range from ~ero to 
two percent and are slightly concave. Permeability is .moderately rapid 
to rapid. 
Site 7 is located 57.9 m (190ft) from the summit or 493.8 m 
(1620 ft) east and 191.7 m (629 ft) south of the northwest corner Sec. 2, 
Tl08N, R55W, Miner County, South Dakota. 
Ap 0 to 15 em (O to 6 in); dark gray (lOYR 4/1) sandy loam, very 
dark brown (lOYR 2.5/2) moist; weak medium and fine granualr structure; 
soft, very friable; neutral; abrupt smooth boundary. 
A 15 to 25 em (6 to 10 in); dark gray (lOYR 4/1) sandy loam, 
very dark brown (lOYR 2 .5/2) moist; weak medium subangular blocky 
structure parting to weak medium and fine granular; soft, very . friable; 
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neutral; clear wavy boundary. 
Bwl 25 to 46 em (10 to 18 in); dark grayish brown (lOYR 4/2) 
sandy loam, very dark grayish brown (lOYR 3/2) moist; weak coarse 
prismatic structure parting to weak medium subangular blocky; soft, very 
friable; neutral; clear wavy boundary. 
Bw2 46 to 69 em (18 to 24 in); dark gray (lOYR 4/1) sandy loam, 
very dark grayish brown (lOYR 3/2) moist; weak coarse prismatic structure 
parting to weak medium subangular blocky; soft, very friable; mildly 
alkaline; gradual wavy boundary. 
BC 69 to 94 em (24 to 37 in); grayish brown (lOYR 5/2) sandy 
loam, dark grayish brown (lOYR 4/2) moist; weak coarse prismatic struc-
ture parting to weak medium subangular blocky; soft, very friable; mildly 
alkaline; gradual wavy boundary. 
Ck 94 to 132 em (37 to 52 in); gray (lOYR 6/1) loamy sand, . dark 
gray (lOYR 4/1) moist; structureless massive; soft, friable; many fine 
accumulations of carbonate; strong effervescence; moderately alkaline; 
gradual wavy boundary. 
c 132 to 152 em (52 to 60 in); pale brown (lOYR 6/3) loamy sand, 
dark brown (lOYR 4/3) moist; few fine distinct brownish yellow (lOYR 6/6) 
mottles; structureless massive; soft, friable; few fine accumulations of 
carbonate; slight effervescence; moderately alkaline. 
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Site 8 
Site 8 consists of deep, well drained soils which formed in 
eolian sand on the summit region of the watershed. Slopes range from two 
to four percent and are slightly convex. Permeability is moderately rapid 
to rapid. 
Site 8 is located 13.7 m (45 ft) from the summit or 536.5 m 
(1760 ft) east and 191.7 m (629 ft) south of the northwest corner Sec. 2, 
Tl08N, R55W, Miner County, South Dakota. 
Ap 0 to 20 em (0 to 8 in); dark grayish brown (lOYR 4/2) sandy 
loam, very dark grayish brown (lOYR 3/2) moist; weak fine granular 
structure; soft, very friable; mildly alkaline; abrupt smooth boundary. 
Bw 20 to 46 em (8 to 18 in); brown (lOYR 5/3) sandy loam, dark 
brown (lOYR 3/3) moist; weak coarse and medium subangular blocky 
structure; soft, very friable; mildly alkaline; clear smooth boundary. 
BC 46 to 107 em (18 to 42 i n); pale brown (lOYR 6/3) loamy sand, 
brown (lOYR 5/3) moist; weak coarse and medium subangular blocky 
structure; soft, very friable; mildly alkaline; gradual wavy boundary. 
Ck 107 to 152 em (42 to 60 in); pale olive (5Y 6/3) loamy sand, 
olive (5Y 4/3) moist; massive single grain; loose; few fine accumulations 
of carbonate; slight effervescence; moderately alkaline. 
The soil horizon designations and descriptive terms used to 
describe the morphology of the eight watershed soils were derived from 
the USDA Soil Survey Manual, 1981. 
APPENDIX C 
Precipitation and Water Table Data 
YR 
41 
42 
43 
44 
45 
46 
47 
48 
49 
so 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
Jan 
0.70 
0.03 
0.54 
1.16 
0.45 
0.02 
0.24 
0.09 
0.39 
0.18 
0.19 
1. 17 
0.66 
0.09 
0.31 
0.39 
0.23 
0.01 
0.34 
0.19 
0.25 
Ool9 
0.29 
Feb 
0.42 
0.18 
0.80 
0.88 
0.60 
0.70 
0.13 
0.95 
0.01 
0 .30 
0 . 23 
0.25 
1.19 
Oo81 
1.14 
0.43 
0.78 
0.74 
0.65 
0.18 
0.42 
1,87 
0.23 
Mar 
0.52 
2,93 
1.19 
0.68 
1.35 
2.46 
0.68 
0.34 
1.35 
0.91 
1.47 
o. 84 
1.01 
1.40 
0.18 
0.90 
1.07 
0.84 
o.o 
0.68 
0,81 
1.17 
1.75 
Total Precipitation (in), Howard, South Dakota 
Apr May June July Aug Sept 
4.77 1.42 3.71 0.57 1.31 1.81 
5.02 9.19 3.52 7.24 3.39 3.28 
0.74 3,06 4.39 2.59 2.36 0,74 
2,51 5,57 4o85 7,74 7,80 0.95 
1.97 
o. 65 
4.39 
3.72 
0.4 7 
1.21 
1.55 
0.65 
4.52 
1.88 
1.02 
2.52 
2.95 
3.79 
0.43 
2.60 
0.87 
2.47 
1.94 
4.70 
0,69 
0.61 
3.61 
1.63 
4.34 
4. 72 
2.09 
3.40 
2.22 
1.91 
1.75 
4.56 
1.31 
4.19 
5.16 
4.98 
5,97 
1.72 
6.19 
4. 74 
6.44 
5.20 
4.19 
1.73 
8.47 
6.12 
4.35 
3.75 
3.65 
2.08 
3.35 
1.98 
2.64 
3.99 
4.48 
4.31 
2.60 
2.43 
2.51 
1.48 
3.57 
1.24 
2.62 
1.54 
1.25 
2.21 
1.61 
3,09 
4.01 
2.49 
1.82 
2.34 
0.98 
3.83 
6.38 
6.93 
2.21 
8.10 
0.79 
1.19 
2.44 
2.20 
5.18 
2.11 
2.39 
2.66 
1.26 
4.22 
3,02 
2.12 
3.45 
4.02 
1.20 
1.82 
1.72 
3.45 
4.24 
3.01 
1.79 
2.05 
7.15 
1.30 
0.46 
1.30 
2.94 
1.18 
0.61 
2.17 
1.39 
3.18 
2.77 
1.51 
2.51 
2.83 
Oct 
2.95 
0.80 
3.25 
0.65 
0.40 
3.91 
3.19 
1.74 
1.16 
1.37 
1.41 
o.o 
0.48 
1.44 
0.53 
0.68 
1.75 
0.13 
3.02 
0,63 
3.38 
0.44 
1.47 
Nov 
0.22 
0.08 
0.61 
0.90 
0.76 
o.o 
2.70 
1.05 
0.51 
0.83 
0.62 
1.06 
1.61 
0.57 
0.15 
0.74 
1.55 
0.79 
1.14 
0.90 
0.28 
0.04 
0.48 
Dec 
0.43 
0.34 
o.o 
0.02 
0.95 
0.41 
0.02 
0.07 
0.54 
0.17 
1.04 
0.14 
1.18 
o.o 
1.21 
0.32 
0.21 
0.13 
0,94 
0.63 
0,54 
0.16 
0.84 
Annl 
18.83 
36.00 
20.27 
33.71 
25.46 
28.47 
23.68 
23 . 32 
15.98 
23.01 
27.72 
16.14 
24.30 
19.37 
15,63 
18.65 
24.13 
15.05 
22.32 
22.73 
22.55 
27.33 
22.80 
t-1 
0 
t-1 
Total Precipitation --- continued 
Yr Jan Feb Mar A;Er 
64 0,09 0.14 1.90 3.65 
65 0,24 Oo67 1,46 2.60 
66 Oo21 0.57 1.93 2.38 
67 o. 82 Oo96 0.10 1.85 
68 0.32 o.o 0,55 5.39 
69 0,83 1.71 0,38 0,53 
70 0.50 0,02 1.53 3.52 
71 0,04 1 .79 0.75 2.23 
72 0,09 0 . 27 0,03 1.74 
73 0,59 0 , 68 1.27 1.36 
74 Oo02 0 .73 1.54 1.00 
75 1 o32 0,18 2.04 1.59 
76 0.39 0,67 1.13 1.73 
77 0.53 1.94 3.50 1.70 
78 0.24 0.47 0,35 3.25 
79 lo58 0,50 2.17 2.89 
80 0,24 0.52 0,75 0.86 
Ave 0,40 0.64 1.15 2o27 
May June July Au~ 
2.03 2.09 2.52 2.15 
4.42 4o99 1.06 1.85 
0.80 2.94 2.99 3.27 
Oo71 9,15 1.73 3.17 
2.21 1.23 0.58 1.14 
3.23 1.72 1.99 2.39 
2.41 3.66 1.56 1.33 
1. 83 4.20 2.23 2.46 
4.55 2.95 1.76 0.78 
2o16 1.60 1.42 3.81 
4 .16 1.79 1.89 1,56 
2.05 3.91 0,50 3.74 
0.43 2.55 0,91 1.22 
3.04 2.53 1,78 3,46 
1.45 1.38 4.03 2.33 
3.00 3.68 3.97 3.53 
1.68 5o31 3.21 4o53 
2.97 3.81 2.62 2.74 
Se;Et Oct 
2.05 o.o 
4,68 0.27 
2.24 1.13 
2.15 0.81 
2.03 3.51 
2.23 2.87 
1.41 2.17 
0,91 2.57 
0.74 0.52 
3.19 2.28 
0.11 0,40 
2.33 0,73 
2.39 0.83 
3.74 2.42 
1.47 0.15 
1.63 2.46 
0,53 1.39 
2.16 1.48 
Nov Dec 
0,15 0,49 
0,80 0,52 
0.16 0.44 
0.05 0,70 
0.28 1.49 
0,43 0.58 
1.97 0,45 
1.36 0.54 
1.63 1.29 
1.23 0,59 
0.17 0.21 
0.90 0,13 
0.09 0.31 
2.79 0.87 
Oo61 0,59 
0.38 0,07 
0.02 0.44 
0.77 0,50 
Annl 
17.26 
23.56 
19.06 
22.20 
18.73 
18.89 
20.53 
20,91 
16,35 
20.18 
13.58 
19,42 
12o65 
28.30 
16.32 
25,86 
19.48 
21.52 
....... 
0 
N 
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Growing Season Precipitation (em), Research Site 
YR AEr May June July Au~ Se2t Oct 
79 8.85 6.00 6.60 8.80 6.90 1.00 2.40 
80 2.50 2.30 8.00 6.50 10.10 0.40 3.60 
81 2.20 2.60 5.00 2.30 2.10 4.00 o.o 
Ave 4.52 3.63 6.53 5. 87 6.37 1.80 2.00 
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Water Table Data: 2.44 m (8 ft) Piezometers at Sites 1 thru 5. 
Julian 1 2 3 4 5 
Date (280 .4 m) (239.3 m) (208. 8 m) (166.1 m) (125.0 m) 
1979 (em) (em) (em) (em) (em) 
100 Dry 204.4 Dry 198.8 233.2 
117 190.5 189.2 .. 191.7 234.9 
115 189.4 191.7 .. 191.1 235.5 
121 190.5 193.6 .. 187.3 231.7 
132 192.4 191.1 236.9 188.2 225.4 
139 188.6 189.2 220.6 186.6 228.6 
143 187.9 186.6 220.9 198.1 234.3 
150 196.2 190.1 230.5 186.6 234.9 
156 194.9 191.1 233.6 198.1 233.0 
164 206.0 198.7 Dry 191.1 236.8 
170 190.5 195.5 It 183.5 Dry 
174 187.3 196.9 It 187.9 .. 
181 195.5 .97.4 It 187.9 It 
187 203.2 202.1 It 187.9 It 
194 219.7 205.7 It 186.6 It 
198 226.0 209.5 It 187.9 .. 
205 236.2 215.9 .. 194.3 It 
212 238.1 215.9 
It 198.1 It 
219 239.4 216.5 " . 201.9 .. 
234 Dry 219.0 " 210.8 " 
241 " 222.9 " 214.6 " 
248 .. 223.5 " 217.1 It 
256 .. 223.5 " 220.9 It 
265 .. 224.7 " 222.9 u 
275 .. 224.7 " 222.9 It 
283 .. 224.7 .. 223.5 It 
290 .. 224.1 " 223.5 It 
1980 
101 Dry Dry Dry Dry Dry 
108 " " " 
.. .. 
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Water Table Data--continued 
Julian 1 2 3 4 5 
Date (280.4 m) (239.3 m) (208.8 m) (166.1 m) (125.0 m_) 
1980 (em) (em) (em) (em) (em) 
115 Dry Dry Dry Dry Dry 
122 " " " " " 
130 .. .. .. " .. 
140 " " .. " .. 
148 " " " " " 
154 .. " " " " 
161 " " 214.4 183.4 " 
168 " " 231.8 207.8 " 
175 " " 236.6 223.6 " 
182 " " 238.8 224.6 " 
189 " " 220.8 223.4 " 
196 .. .. 233.6 225.8 " 
203 " .. 238.4 230.4 " 
210 " .. 238.8 232.8 " 
220 " .. 238.8 232.6 " 
227 " 237.5 211.2 215.4 " 
234 .. 236.2 230.4 225.8 " 
241 " 236.4 234.8 233.8 " 
248 " 235.8 Dry 229.8 " 
255 " 236.4 " 231.8 " 
262 " Dry " 236.6 " 
269 " 236.4 " 231.8 " 
276 " Dry " 231.6 " 
283 " " 
.. 231.9 " 
289 " " " 231.8 " 
1981 
106 Dry 224.8 233.8 231.8 237.8 
112 " 226.6 234.6 231.8 233.6 
120 " 229.6 234.2 228.6 237.1 
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Water Table Data--continued 
Julian 1 2 3 4 5 
Date (280.4 m) (239.3 m) (208.8 m) (166.1 m) (125.0 m) 
1981 (em) (em) (em) (em) (em) 
127 Dry 227.4 233.8 227.8 238.2 
134 " 229.6 235.6 229.6 Dry 
141 " 229.3 236.2 232.4 " 
148 " 229.8 237.2 232.0 " 
155 .. 230.0 238.4 232.8 " 
162 .. 229.6 238.6 232.8 .. 
169 " 230.0 238.6 232.8 " 
176 " 229.8 238.8 232.8 .. 
190 " 230.8 Dry 232.8 " 
204 " 230.7 .. 232.2 " 
218 " 230.8 .. 232.0 .. 
232 " 231.0 .. 231.8 " 
252 " 231.8 .. 231.8 " 
274 " Dry " 231.8 .. 
288 " .. .. 231.8 " 
Note: (280.4 m) is the distance of the site from the summit. 
Water Table Data: 1.52 m (5 ft) Piezometers at Sites 1 thru 3. 
Julian 1 2 3 
Date (280.4 m) (239.3 m) (208.8 m) 
1979 (em) (em) (em) 
100 102.5 97.0 Dry 
111 100.4 97.1 .. 
115 100.4 97.1 .. 
121 101.3 98.4 " 
132 101.6 98.7 120ol 
139 101.6 100.0 103.8 
107 
Water Table Data--continued 
Julian 1 2 3 
Date (280.4 m) .(239.3 m) (208.8 m) 
1979 (em) (em) (em) 
143 100.0 99.0 104.1 
150 101.3 100.3 113.7 
156 99.7 101.0 116.8 
164 99.1 102.2 119.4 
170 78.8 103.5 Dry 
174 78.8 103.5 " 
181 81.3 104.8 " 
187 81.3 105.4 " 
194 74.9 83.2 111.8 
198 79.4 95.2 Dry 
205 83.2 104.1 " 
212 81.9 104.1 .. 
219 83.2 104.1 .. 
234 83.2 105.4 .. 
241 97.2 109.2 .. 
248 97.8 1llo1 .. 
256 98.5 113.0 " 
265 99.1 113.0 " 
275 99.1 113.0 " 
283 99.1 114.9 " 
290 99.7 116.2 " 
1980 
101 Dry Dry Dry 
108 " .. " 
115 " .. " 
122 " " " 
130 " " " 
140 " " " 
148 " " " 
108 
Water Table Data--continued 
Julian 1 2 3 
Date (280.4 m) (239.3 m) (208.8 m) 
1980 (em) (em) (em) 
154 Dry Dry Dry 
161 109.0 104.6 121.8 
168 111.4 105.8 121.6 
175 110.0 107.2 121.6 
182 110.2 108.8 121.4 
189 107.4 101.8 120.4 
196 110.4 105.8 120.6 
203 113.2 108.8 120.6 
210 115.0 112.2 120.4 
220 Dry 117.6 120.4 
227 " 111.1 118.2 
234 " 113.4 114.8 
241 " 116.8 114.5 
248 " 117.8 113.0 
255 " 119.4 115.2 
262 " 119.4 115.6 
269 " 120.7 115.0 
276 " 122.0 116.0 
283 " 122.3 115.6 
289 " 121.2 116.0 
1981 
106 Dry Dry Dry 
112 " " " 
120 .. " " 
127 " " " 
134 " .. " 
141 " " " 
148 " " " 
155 " 
.. " 
162 " " " 
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Water Table Data--continued 
Julian 1 2 3 
Date (280.4 m) (239.3 m) (208.8 m) 
1981 {em) (em) (em) 
169 Dry Dry 121.6 
176 " " 121.4 
190 " It 120.6 
204 " " 120.0 
218 " " 119.2 
232 " " 119.4 
252 " " 118.4 
274 " " 119.0 
288 " .. 115.8 
Note: (280.4 m) is the distance of the site from the summit. 
APPENDIX D 
Soil Profile Physical Data 
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Soil Profile Textures, Sites 1 thru 8 
Site Depth Sununit Sand Silt Clay 
(em) Dist (m) (%) (%) (%) 
1 5 280 8 6 29 
15 280 10 55 35 
25 280 10 53 37 
35 280 13 49 39 
45 280 13 51 35 
55 280 15 48 37 
65 280 15 47 38 
75 280 17 48 35 
85 280 21 46 33 
95 280 26 41 33 
105 280 28 39 33 
115 280 29 39 32 
125 280 25 42 33 
135 280 19 52 30 
145 280 15 57 28 
2 5 239 23 51 25 
15 239 20 53 26 
25 239 20 47 33 
35 239 28 41 32 
45 239 36 37 27 
55 239 44 37 19 
65 239 25 57 18 
75 239 18 61 20 
85 239 11 65 23 
95 239 9 71 20 
105 239 10 69 21 
115 239 10 68 22 
125 239 10 67 23 
135 239 9 71 20 
145 239 9 68 23 
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Soil Profile--continued 
Site Depth Summit Sand Silt Clay 
(em) Dist (m) (%) (%) (%) 
3 5 209 31 43 27 
15 209 27 44 29 
25 209 26 48 26 
35 209 27 49 24 
45 209 lT 59 24 
55 209 6 72 22 
65 209 5 74 21 
75 209 4 74 22 
85 209 4 71 25 
95 209 6 71 23 
105 209 6 73 22 
115 209 7 68 26 
125 209 11 66 23 
135 209 15 59 26 
145 209 20 54 26 
4 5 166 38 39 23 
15 166 34 42 24 
25 166 26 44 30 
35 166 25 45 30 
45 166 18 49 33 
55 166 15 50 35 
65 166 14 51 35 
75 166 12 52 36 
85 166 10 59 31 
95 166 9 63 28 
105 166 7 63 30 
115 166 6 68 25 
125 166 7 68 25 
135 166 9 68 23 
145 166 13 56 31 
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Soil Profile--continued 
Site Depth Summit Sand Silt Clay 
(em) Dist (m) (%) (%) (%) 
5 5 125 58 27 15 
15 125 59 27 14 
25 125 53 32 15 
35 125 so 38 13 
45 125 59 30 11 
55 125 64 26 10 
65 125 54 34 12 
75 125 34 53 14 
85 125 38 49 13 
95 125 35 54 10 
105 125 26 62 12 
115 125 11 70 19 
125 125 5 75 20 
135 125 6 76 18 
145 125 5 78 16 
6 5 87 67 17 16 
15 87 65 18 16 
25 87 72 14 14 
35 87 74 12 13 
45 87 74 13 13 
55 87 72 19 9 
65 87 72 16 12 
75 87 72 16 11 
85 87 72 17 12 
95 87 70 18 12 
105 87 72 17 11 
115 87 73 16 11 
125 87 69 21 10 
135 87 46 41 14 
145 87 32 54 15 
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Soil Profile--continued 
Site Depth Summit Sand Silt Clay 
(em) Dist (m) (%) (%) (%) 
7 5 58 53 31 16 
15 58 52 32 16 
25 58 53 30 17 
35 58 54 31 15 
45 58 54 31 15 
55 58 57 28 15 
65 58 69 16 15 
75 58 69 18 13 
85 58 79 10 10 
95 58 82 11 7 
105 58 81 12 7 
115 58 83 11 6 
125 58 82 12 6 
135 58 83 12 6 
145 58 83 11 6 
8 5 14 71 18 11 
15 14 66 22 12 
25 14 65 23 12 
35 14 78 12 10 
45 14 82 7 10 
55 14 80 9 11 
65 14 81 9 10 
75 14 80 10 9 
85 14 82 10 9 
95 14 82 9 8 
105 14 84 9 7 
115 14 83 11 6 
125 14 83 10 7 
135 14 81 14 6 
145 14 82 12 7 
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Soil Horizon Bulk Density Sites 1 thru 8 
Site Dis. Sununit Soil Depth Bulk Density 
(m) Horizon (em) (~/cm3) 
1 280 Ap 0-15 1.36 
A 15-61 1.34 
Bwyl 61-86 1.33 
Bwy2 86-127 1.49 
Ck 127-152 1.71 
2 239 Ap 0-20 1.25 
ACy 20-48 1.48 
Ckl 48-66 1.46 
Ck2 - 66-102 1.49 
c 102-152 1.46 
3 209 Ap 0-18 1.39 
Bwy 18-30 1.43 
BCky 30-66 1.41 
Cl 66-107 1.50 
C2 107-152 1.64 
4 166 Ap 0-23 1.17 
Bw 23-51 1.18 
BCk 51-79 1.25 
Ck 79-130 1.45 
Cy 130-152 1.35 
5 125 Ap 0-18 1.42 
AC 18-30 1.41 
Ck 30-48 1.46 
c 48-81 1.49 
2C 81-152 1.42 
6 87 Ap 0-20 1.53 
Bwl 20-38 1.48 
Bw2 38-76 1.48 
BC 76-99 1.42 
Ck 99-124 1.48 
2Ck 124-152 1.48 
116 
Bulk Density--continued 
Site Dis. Swrunit Soil Depth Bulk Density 
(m) Horizon (em) (~Jcm3) 
7 58 Ap 0-15 1.51 
A 15-25 1.44 
Bwl 25-46 1.36 
Bw2 46-69 1.39 
BC 69-94 1.42 
Ck 94-132 1.57 
c 132-152 1.36 
8 14 Ap 0-20 1.64 
Bw 20-46 1.58 
BC 46-107 1.45 
Ck 107-152 1.52 
APPENDIX E 
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Soil Horizon Calcium Carbonate Equivalent Soils 1 thru 8. 
Site Dis. Summit Soil Depth Caco3 (m) Horizon (em) (%) 
1 280 Ap 0-15 6.12 
A 15-61 5.69 
Bwyl 61-86 2.27 
Bwy2 86-127 1.14 
Ck 127-152 21.60 
2 239 Ap 0-20 13.26 
ACy 20-48 14.33 
Ckl 48-66 21.15 
Ck2 66-102 20.01 
c 102-152 15.46 
3 209 Ap 0-18 16.83 
Bwy 18-30 18.87 
BCky 30-66 24.56 
Cl 66-107 18.87 
C2 107-152 17.74 
4 166 Ap 0-23 4.09 
Bw 23-51 11.15 
BCk 51-79 24.56 
Ck 79-130 21.38 
Cy 130-152 16.83 
5 125 Ap 0-18 .23 
AC 18-30 9.78 
Ck 30-48 26.83 
c 48-81 21.15 
2C 81-152 21.38 
6 87 Ap 0-20 .68 
Bw1 20-38 .91 
Bw2 38-76 .68 
BC 76-99 11.14 
Ck 99-124 17.74 
2Ck 124-152 19.10 
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Ca1ciwn Carbonate Equivalent--continued 
Site Dis. Summit Soil Depth Caco3 (m) Horizon (em) (%) 
7 58 Ap 0-15 .23 
A 15-25 .68 
Bw1 25-46 .68 
Bw2 46-69 .94 
BC 69-94 9.78 
Ck 94-132 15.46 
c 132-152 11.60 
8 14 Ap 0-:-20 .oo 
Bw 20-46 .oo 
BC 46-107 1.14 
Ck 107-152 11.01 
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Soil Horizon CEC and Extractible Cations, Sites 1 thru 8. 
Site Horizon Depth CEC EXTR NA EXTR MG EXTR CA 
(m) (em) (me/100~) (me/100~) (me/100~) (me/100~) 
1 Ap 0-15 30.97 0.06 2.87 16.45 
(280) A 15-61 30.32 0.17 2.54 12.95 
Bwy1 61-86 25.51 0.11 2.71 10.30 
Bwy2 86-127 22.10 0.19 3.03 9.35 
Ck 127-152 14.45 0.19 3.49 15.83 
2 Ap 0-20 28.18 0.10 3.03 15.20 
(239) ACy 20-48 22.44 0.57 4.51 15.30 
Ckl 48-66 13.29 0.74 3.53 13.40 
Ck2 66-102 13.06 .. 1.72 4.26 11.85 
c 102-152 17o39 1.82 5.49 11.15 
3 Ap 0-18 21.12 0.09 1.85 19.00 
(209) Bwy 18-30 9.14 0.10 3.61 27.95 
BCky 30-66 12.28 0.73 4.43 22.35 
Cl 66-107 14.10 2.78 5.41 16.05 
C2 107-152 19.36 3.15 5.25 12.58 
4 Ap 0-23 25.99 0.04 1.56 12.20 
(166) Bw 23-51 25.57 0.18 4.84 16.00 
BCk 51-79 25.52 0.49 4.51 13.90 
Ck 79-130 17.30 0.92 3.53 28.10 
Cy 130-152 15.21 0.97 5.08 15.80 
5 Ap 0-18 16 .06 0.03 0.98 6.05 
(125) AC 18-30 11 . 59 0.03 2.30 11.70 
Ck 30-48 8.39 0.04 3.03 12.00 
c 48-81 7.35 0.11 2.75 12.63 
2C 81-152 8.56 0.20 2.82 12.62 
6 Ap 0-20 14.63 0.03 0.87 3.70 
(87) Bwl 20-38 7.11 0.02 0.78 2.83 
Bw2 38-76 9.00 0.09 1.09 2.72 
BC 76-99 9.74 0.03 1.31 12.15 
Ck 99-124 9.76 0.08 2.58 14.33 
2Ck 124-152 6.71 0.04 1.72 12.80 
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Soil Horizon CEC and Extractible Cations--continued 
Site Horizon Depth CEC EXTR NA EXTR MG EXTR CA 
(m) (em) (me/100~) (me/100~) (me/100~) (me/100~) 
7 Ap 0-15 16.34 0.03 0.98 3.65 
(58) A 15-25 12.34 0.03 1.03 3.93 
Bwl 25-46 12.68 0.08 1.00 4.15 
Bw2 46-69 15.63 0.04 1.07 4.55 
BC 69-94 8.94 0.04 0.32 3.20 
Ck 94-132 5.52 0.04 0.98 13.05 
c 132-152 5.73 0.04 1.07 11.70 
8 Ap 0-20 12.63 0.01 0.66 3.15 
(14) Bw 20-46 8.16- 0.01 0.57 2.40 
BC 46-107 9.73 0.03 0.86 2.55 
Ck 107-152 5.74 0.05 0.82 9.60 
Note: (m) is the distance from the summit in meters. 
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Soil Profile Salinity Sites 1 thru 8. 
Site Depth pH Salts Soil Paste Soluble Sodium 
(m) (em) (mmho/ em) (me/1) 
1 5 7.4 0.9 o. 74 
(280) 15 7.7 0.7 1.04 
25 7.5 0.7 1.39 
35 7.8 0.8 1.61 
45 7.7 1.4 3.05 
55 7.8 1.6 2.70 
65 7.7 2.7 3.48 
75 7.7 3.2 4.05 
85 7.6 3.3 4.48 
95 7.6 3.3 5.22 
105 7o6 3.4 5.35 
115 7.6 3.6 5.52 
125 7.6 3.4 5. 92 
135 7.8 3.0 5.92 
145 7.9 2.3 5.00 
2 5 8.0 1.2 1.61 
(239) 15 8.0 1.6 2.91 
25 7.8 3.6 12.48 
35 7.9 4.7 17.40 
45 8.0 5.8 34.43 
55 8.1 6.5 39.71 
65 8.2 7.2 55.00 
75 8.2 9.0 66.99 
85 8.2 9.5 79.86 
95 8.2 9.5 77.99 
105 8.2 8.5 60.72 
115 8.2 9.8 75.68 
125 8.2 9.5 65.12 
135 8.2 9.0 32.01 
145 8.2 9.5 66.99 
~ 
2. 
~ 
123 
Salinity--coutinued 
Site Depth pH Salts Soil Paste Soluble Sodium 
(m) (em) (mmho/cm) (me/1) 
3 5 8.1 2.8 4.48 
(209) 15 7.9 3.0 2.26 
25 7.8 3.4 3.35 
35 7.9 4.2 7.09 
45 8.0 5.7 20.75 
55 8.2 10.8 69.41 
65 8.2 12.0 93.28 
75 8.3 14.0 95.70 
85 8.3 >15.0 137.28 
95 8.4 14 .o 130.68 
105 8.3 14 .o 110.55 
115 8.3 14.5 113.30 
125 8.3 15.0 98.12 
135 8.3 14.0 84.70 
145 8.2 9.5 75.68 
4 5 8.1 1.8 3.74 
(166) 15 8.1 0.7 1.13 
25 8.1 0.6 1.52 
35 8.1 0.6 2.04 
45 8.1 1.0 4.18 
55 8.0 2.4 10.66 
65 8.0 2.8 14.44 
75 8.0 3.8 29.70 
85 8.0 4.0 33.55 
95 8.0 4.5 36.85 
105 8.0 4.5 35.86 
115 8.0 s.o 44.55 
125 8.0 s.o 47.85 
135 8.0 s.o 47.85 
145 8.0 4.5 39.71 
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Salinity--continued 
Site Depth pH Salts Soil Paste Soluble Sodium 
(m) (em) (mmho/ em) (me/1) 
5 5 8.0 1.2 2.39 
(125) 15 8.1 0.5 1.31 
25 8.2 0.4 1.39 
35 8.5 0.4 1.52 
45 8.6 0.5 1.91 
55 8.7 0.5 2.04 
65 8.5 0.5 2. 83 
75 8.7 0.5 3.74 
85 8.7 0.5 4.18 
95 8.7 0.5 4.18 
105 8.6 0.4 3.26 
115 8.4 0.7 s.oo 
125 8.2 1.1 5.22 
135 8.3 1.0 4.05 
145 8.2 0.9 3.05 
6 5 7.8 0.4 0.80 
(87) 15 7.6 0.2 1.13 
25 7.6 0.2 0.65 
35 7.7 0.3 0.65 
45 7.7 0.2 0.65 
55 7.8 o.s 1.13 
65 7.8 0.4 0.87 
75 7.9 o.s 1.22 
85 8.1 0.5 1.31 
95 8.2 0.5 1.39 
105 8.3 0.5 1.52 
115 8.4 0.5 1. 74 
125 8.5 0.5 1.91 
135 8.5 0.5 1.91 
145 8.5 0.6 .2.26 
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Salinity--continued 
Site Depth pH Salts Soil Paste Soluble Sodium 
(m) (em) (nunho/cm) (me/1) 
7 5 7.4 0.5 1.22 
(58) 15 7.1 0.5 0.87 
25 7.1 0.4 o. 83 
35 7.3 0.4 o. 87 
45 7.4 o.s 1.31 
55 7.5 0.5 1.22 
65 7.6 0.5 1.31 
75 7.7 0.5 1.13 
85 7.8 0.5 1.13 
95 8.0 o.s 1.22 
105 8.0 0.4 1.31 
115 8.2 0.6 1. 74 
125 8.2 0.7 1.83 
135 8o3 0.7 1.83 
145 8.3 0.6 1.74 
8 5 7.6 o.s 0.96 
(14) 15 7.4 o.s ..,(). 87 
25 7.4 0.4 0.83 
35 7.5 0.3 0.83 
45 7.5 0.4 0.96 
55 7.5 0.3 .1.31 
65 7.5 0.3 1.22 
75 7.5 0.4 1.13 
85 7.6 0.4 1.22 
95 7.6 0.4 1.39 
105 7.9 0.4 1.13 
115 8.1 o.s 1.22 
125 8.1 o.s 1.22 
135 8.2 o.s 1.31 
145 8.2 o.s 1.31 
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Surface Horizon Salinity Sites 1 thru 8, 
Sampled to a Depth of 20 em (8 in). 
Site Dis. Summit Year pH Na EC 
(m) SamE led (me/1) (nunho/cm) 
1 280 1978 7.7 2.59 1.3 
1979 7.6 2.15 0.8 
2 239 1978 7.9 16.34 4.7 
1979 7.9 5.11 3.3 
3 209 1978 8.0 5.73 2.2 
1979 8.1 2.15 0.9 
4 166 1978 7.9 2.22 1.1 
1979 8.0 1.35 0.6 
5 125 1978 7.9 2.64 0.9 
1979 7.9 2.20 o.s 
6 87 1978 7.2 1.85 0.8 
1979 7.2 0.60 0.3 
7 58 1978 6.6 2.57 0.7 
1979 6.7 1.80 0.3 
8 14 1978 6.7 2.07 0.7 
1979 6.7 1.25 0.3 
Note: EC is the electric conductivity of the soil paste. 
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Soil Profile Fertility Sites 1 thru 8. 
Site Depth N03-N a.M. 
p K 
(m) (em) (EEm) (%) (lbs/A) (1bs/A) 
1 5 9.4 4.1 15.0 >1000 
(280) 15 2.0 2.2 1.0 930 
25 2.0 1.9 2.0 810 
35 2.0 1.7 11.0 890 
45 2.0 1.5 18.0 960 
55 2.0 1.0 20.0 940 
65 2.0 1.1 21.0 890 
75 2.0 0.9 22.0 910 
85 2.0 0.8 24•0 880 
95 2.0 0.6 30.0 990 
105 2.0 o.s 40.0 >1000 
115 2.0 0.6 42.0 >1000 
125 2.0 0.4 44.0 >1000 
135 2.0 0.4 6.0 860 
145 2.0 0.4 o.o 680 
2 5 13.6 3.5 2.0 >1000 
(239) 15 9.2 3.4 1.0 >1000 
25 4.0 2.2 1.0 610 
35 2.0 1.4 o.o 460 
45 2.0 0.9 1.0 390 
55 2.0 0.6 s.o 340 
65 2.0 o.s 7.0 400 
75 2.0 0.4 9.0 450 
85 2.0 0.3 5.0 480 
95 2.0 0.3 4.0 530 
105 2.0 0.2 2.0 540 
115 2.0 0.3 2.0 610 
125 2.0 0.3 1.0 670 
135 2.0 0.3 2.0 530 
145 2.0 0.3 2.0 480 
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Fertility--continued 
Site Depth N03-N O.M. 
p K 
(m) (em) (EEm) (%) (lbs/A) (lbs/A) 
3 5 2.0 2.4 o.o 330 
(209) 15 2.0 1.6 o.o 360 
25 2.0 0.5 1.0 190 
35 2.0 0.5 1.0 240 
45 2.0 0.4 o.o 280 
55 2.0 0.2 o.o 300 
65 2.0 0.2 o.o 290 
75 2.0 <0.2 o.o 360 
85 2.0 <0.2 o.o 380 
95 2.0 0.2 o.o 420 
105 2.0 <0.2 o.o 450 
115 2.0 0.2 o.o 470 
125 2.0 0.3 o.o 470 
135 2.0 0.3 o.o 540 
145 2.0 0.3 1.0 530 
4 5 2.0 3.1 25.0 730 
(166) 15 2.0 3.0 13.0 440 
25 2.0 2.6 o.o 360 
35 2.0 2.1 4.0 300 
45 2.0 1.8 o.o 350 
55 2.0 1.6 o.o 350 
65 2.0 1.3 o.o 330 
75 2.0 1.0 o.o 250 
85 2.0 0.9 o.o 260 
95 2.0 0.5 o.o 290 
105 2.0 0.5 o.o 310 
115 4.6 0.3 o.o 330 
125 5.2 0.4 o.o 330 
135 6.6 0.3 o.o 370 
145 6.0 0.3 o.o 410 
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Fertility--continued 
Site Depth NO-N O.M. p K 
3 (m) (em) (;eEm) . (%) (lbs/A) (lbs/A) 
5 5 2.0 2.3 11.0 460 
(125) 15 2.0 2.0 6.0 270 
25 2.0 1.4 o.o 210 
35 2.0 0.7 o.o 160 
45 2.0 0.5 6.0 160 
55 2.0 0.4 o.o 140 
65 2.0 0.3 o.o 170 
75 2.0 0.3 o.o 180 
85 2.0 0.3 o.o 190 
95 2.0 0.2 o.o 160 
105 2.0 0.2 o.o 180 
115 2.0 0.2 o.o 240 
125 2.0 0.2 o.o 290 
135 2.0 0.3 o.o 280 
145 2.0 0.2 o.o 300 
6 5 2.0 1.9 34 .o 450 
(87) 15 2.0 1.8 19.0 400 
25 2.0 0.9 6.0 270 
35 4.0 0.6 2.0 280 
45 2.0 0.5 2.0 230 
55 2.0 0.4 1.0 200 
65 2.0 0.4 1.0 200 
75 2.0 0.4 2.0 180 
85 2.0 0.4 o.o 180 
95 2.0 0.4 o.o 170 
105 2.0 0.3 o.o 170 
115 2.0 0.3 o.o 140 
125 2.0 0.2 o.o 140 
135 2.0 0.2 1.0 200 
145 2.0 0.2 o.o 210 
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Fertility--continued 
Site Depth NO -N O.M. p K 
3 (m) (ern) (EEm) (%) (lbs/A) (lbs/A) 
7 5 2.0 2.6 102.0 880 
(58) 15 2.0 2.6 54.0 450 
25 2.0 2.2 24.0 380 
35 2.0 1.3 9.0 300 
45 2.0 1.1 4.0 270 
55 2.0 1.0 2.0 270 
65 2.0 0.9 2.0 270 
75 2.0 0.9 1.0 240 
85 2.0 0.4 2•0 180 
95 2.0 0.3 s.o 150 
105.· 2.0 0.3 o.o 130 
115 2.0 0.2 o.o 120 
125 2.0 0.2 o.o 120 
135 2.0 <0.2 o.o 120 
145 2.0 <0.2 o.o 130 
8 5 2.0 1.6 67.0 580 
(14) 15 2.0 1.4 52.0 480 
25 2.0 0.9 13.0 340 
35 2.0 0.5 5.0 250 
45 2.0 0.4 1.0 300 
55 2.0 0.3 4.0 310 
65 2.0 0.3 2.0 280 
75 2.0 0.2 4.0 230 
85 2.0 0.2 9.0 190 
95 2.0 0.2 12.0 170 
105 2.0 0.3 7.0 140 
115 2.0 <0.2 2.0 130 
125 2.0 0.2 1.0 140 
135 2.0 <0.2 1.0 140 
145 2.0 <0.2 o.o 130 
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Surface Horizon Fertility Sites 1 thru 8, 
Sampled to a Depth of 20 em (8 in). 
Site Dis. Summit Year NO-N p K Organic Matter 
(m) SamE1ed k~]ha k~/ha k~/ha (%) 
1 280 1978 25.0 25.2 1121 3.1 
1979 15.7 26.3 611 3.4 
2 239 1978 28.0 11.8 936 2.6 
1979 25.8 7.3 622 2.4 
3 209 1978 9.6 1.7 415 2.0 
1979 12.9 5.6 365 2.2 
4 166 1978 9.1 22.4 449 2.9 
1979 11.8 28.0 477 2.6 
5 125 1978 4.0 35.9 264 2.3 
1979 10.7 25.2 214 1.9 
6 87 1978 4.0 39.2 414 1.7 
1979 6.7 61.1 348 1.5 
7 58 1978 4.0 79.0 583 1.9 
1979 8.4 87.4 398 2.3 
8 14 1978 4.0 79.6 645 1.3 
1979 4.5 88.6 331 1.4 
